
 

 

Oceanographic forcing of 

phytoplankton dynamics in the waters 

off north Western Australia 

Cécile S. G. Rousseaux 

MSc (Research) Université de Liège, Belgium 

 

 

This thesis is presented for the degree of  

Doctor of Philosophy of Cécile S. G. Rousseaux  

of The University of Western Australia 

 

School of Environmental Systems Engineering 

February 2011 

 

 

 



 

 



 iii 

Abstract 
Recent studies have shown that coral reefs can rely heavily on the delivery of 

offshore particulate matter as nutrient sources to sustain their high productivity. Off 

north west Australia, the Leeuwin Current, an anomalous poleward flowing eastern 

boundary current, flows adjacent to Ningaloo Reef, Australia’s longest fringing coral 

reef. Using chlorophyll a estimated from satellite-derived ocean colour and in situ field 

observations we identified the existence of a autumn phytoplankton bloom in the waters 

off north west Australia. In autumn, a combination of the accelerating Leeuwin Current 

and net surface cooling lead to a significant deepening of the mixed layer depth down to 

~100 m. This deepening also coincided with increased nutrient and chlorophyll a 

concentrations in the euphotic zone. We conclude that the MLD deepening is the 

mechanism driving the phytoplankton dynamics in the waters off Ningaloo Reef 

through the replenishment of nutrients in the surface waters autumn. In both spring and 

autumn the size-fractionated phytoplankton concentrations and community diversity, as 

well as nutrient uptake rates, were quantified. In autumn, the concentration of large-

sized phytoplankton increased. Ammonium uptake was always greater than nitrate 

uptake. In autumn, nitrate uptake was relatively great at 30 % of the total dissolved 

inorganic nitrogen uptake. For a bloom to develop nutrients must be available at 

sufficient concentrations; however, grazing by predators can also control phytoplankton 

populations suppressing the development of a bloom. Theory suggests that a deepening 

mixed layer may result in a reduction in grazing pressure through dilution. The findings 

of this study showed that grazing rates did not decrease with the deepening of the mixed 

layer depth and therefore this theory did not hold for the waters off Western Australia. 

Instead growth rates were positively correlated with the mixed layer depth which further 

suggests that the mixed layer depth deepening is the key mechanism allowing net 
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phytoplankton growth. The findings of this study show that there is likely to be 

substantial seasonal variation in the net production of offshore particulate matter and 

that this is likely to impact on the productivity of Ningaloo Reef itself.  
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Chapter 1 Overview 

1.1 Rationale & Objectives 

Ningaloo Reef, Australia’s largest fringing coral reef system (~260 km long) 

(Taylor & Pearce 1999), is located in the region of the North West Cape, Western 

Australia. Ningaloo Reef is known for its seasonal concentration of whale sharks from 

March to June (Taylor 1996, Wilson et al. 2001) and this seasonal congregation has 

been the subject of several studies (Taylor 1996, Colman 1997, Taylor & Pearce 1999, 

Wilson et al. 2001, Wilson et al. 2006). Other studies at Ningaloo Reef have 

investigated the hydrodynamics (e.g. Hearn et al. 1986, Hearn & Parker 1988, Taylor & 

Pearce 1999), the biodiversity (e.g. Johnson et al. 1993, Turner 1994, Cassata & Collins 

2008) and the socio-economical use of the reef (e.g. Beckley et al. 2009, Schianetz et al. 

2009). 

Coral reefs have traditionally been regarded as a paradox with regard to their high 

rates of productivity in relatively nutrient-depleted tropical waters. Sargent and Austin 

(1949) suggested that coral reefs communities must subsist on their own primary 

production, because of the comparatively very low primary production rates they 

observed in the open sea and lagoon adjacent to the reef. While recycling of nutrients 

plays a key role in coral reef food-webs, it is increasingly evident that reefs must rely on 

the production, supply and incorporation of inorganic nutrients (Andrews & Gentien 

1982) and particulate matter from the ocean (Yahel et al. 1998, Fabricius & Dommisse 

2000, Houlbreque et al. 2006, Wyatt et al. 2010). The companion study to this thesis 
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was undertaken by another PhD student, Alex Wyatt, who focused on the uptake of 

dissolved and particulate matter from the water column by reef communities. He 

identified that wave action and the dynamics of regional currents were the most 

important factors in determining plankton supply to Ningaloo Reef (Wyatt et al. 2010). 

Estimating the magnitude and variability of the potential food available to the reef, e.g. 

the particulate and dissolved matter in offshore waters, is central to the sustainability of 

the reef system and is the subject of this thesis.  

The cycling of carbon through the pelagic ecosystem is determined by both the 

concentration and the size of phytoplankton available (e.g. Legendre et al. 1993, 

Tremblay & Legendre 1994, Nielsen & Hansen 1995, Tamigneaux et al. 1999). Small 

photoautotrophic cells are typical of ecosystems with relatively stable environments that 

are often low in nutrients. These small cells support a food-web that relies more heavily 

upon recycled nutrients, has a high turnover, and where bacteria and picophytoplankton 

are consumed by protozoa, ciliates and microzooplankton (Azam et al. 1983, Cushing 

1989). In contrast, the dominance of large cells requires the presence of nutrient-rich 

conditions, supports a relatively short food chain that tends to lead directly from 

phytoplankton to zooplankton to fish (Cushing 1989). Therefore, to understand the 

nature of the carbon flow in this ecosystem it is necessary to collect data that resolve 

both the concentration and the size structure of phytoplankton communities.  

Off Ningaloo Reef, the Leeuwin Current is an anomalous eastern boundary current 

that is known to have an important influence on the ecology of Western Australian 

coastal waters. For example, there is a direct link between the strength of the Leeuwin 

Current and the recruitment of various fish and invertebrate species (Caputi et al. 1996). 

The mechanisms behind the relationship between the Leeuwin Current flow and the 

recruitment strength are not directly related to advective features of the Leeuwin 
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Current (Caputi et al. 2001), indicating that variation in levels of primary production 

may be a major factor (Griffin et al. 2001). There has been only limited research 

conducted on the key relationships between physical oceanography, nutrient and 

primary production dynamics off Western Australia. An improved understanding of the 

production of offshore matter in the Ningaloo Reef region will not only help elucidate 

the temporal variation of offshore source of nutrition to the reef but also will improve 

our understanding of the potential connections between the physical mechanisms and 

the recruitment of fish and invertebrates in the pelagic waters off Western Australia. 

In this thesis, the seasonal variation of chlorophyll a and nutrient concentrations 

were first investigated in the waters off Ningaloo Reef at the mesoscale, i.e. scales of 

10s to 100s of km (Chapter 3). Then the local data collected from two intensive near-

coastal field experiments off Ningaloo Reef (Chapter 4) were used to investigate the 

seasonal variation in phytoplankton size structure adjacent to the reef and the 

mechanisms supporting primary production. Finally, we quantified the transfer of 

primary production to the microzooplankton, both near Ningaloo Reef and along the 

broader Western Australian coast (Chapter 5). Specifically, the four objectives 

addressed by the research conducted as part of this thesis were: 

1. To characterise the seasonal variability of nutrient and chlorophyll a 

concentrations off the north west coast of Australia.  

2. To identify the processes driving the seasonal variability in nutrient and 

chlorophyll a concentrations off the north west coast of Australia.  

3. To investigate the differences in phytoplankton community, primary production 

and nutrient uptake between a period of high- and low-flow of the Leeuwin Current in 

the waters off Ningaloo Reef.  
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4. To estimate losses of primary production due to microzooplankton grazing in the 

waters off the west coast of Australia.  

The goal of this research is to understand the processes offshore of Ningaloo Reef that 

support the production of particulate organic matter that may be available to sustain the 

reef. This understanding provides the basis to predict the health of the reef under 

climatic stresses such as El Niño and La Niña events.  

1.2 Overview of thesis structure 

In Chapter 2, an introduction to the oceanography off Western Australia describing 

the gaps in knowledge existing prior to the start of this study is presented. The main 

results sections of this thesis (Chapter 3 to 5) are presented as a series of stand-alone 

manuscripts, already submitted (Chapter 3 and 4) or intended for journal publication in 

a slightly modified form (Chapter 5). Some repetition of background, study site details 

and methodology has been required for completeness. The three chapters each address a 

different temporal and/or spatial scale. 

In Chapter 3, we combined satellite data with the output from a three-dimensional 

numerical ocean model and in situ data to describe the seasonal dynamics of 

phytoplankton biomass and nutrients near the North West Cape of Australia 

surrounding Ningaloo Reef. The data span over several hundreds of kilometres and 

cover ~10 years (1998-2007). The physical mechanisms that influence the seasonal 

variability of chlorophyll a and nutrients were investigated. We discuss the key role of 

nutrients and light on the phytoplankton dynamics in this region. 

Chapter 4 focuses on the seasonal scale and at a spatial scale of ~14 km (length of 

the coastal transect) with data collected in autumn and spring 2008. We used these local 

field data to analyse the impact of contrasting hydrodynamic conditions (typically 

mixed versus stratified water column, in autumn and spring respectively) on the 
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phytoplankton communities. We investigated the size structure of the communities, 

their nutrient uptake rates and primary production. These results are discussed with 

reference to the food-web structure and suggest that the transfer of phytoplankton 

biomass through herbivorous and carnivorous species to higher trophic levels is 

favoured in autumn. We also investigated the seasonal variation in the transport of 

particles from offshore to the reef using a particle dispersion model. 

Finally, in Chapter 5 we focused on a spatial scale of several hundreds of 

kilometres (entire Western Australia coast) and the data were collected in autumn 2007 

(temporal scale of ~1 month). The reason for our focus on the autumn season is that the 

aim of this chapter was to understand whether the autumn bloom observed in Chapter 3 

might be the result of both an increase in nutrients and decreasing grazing pressure or 

solely the results of the input of nutrients following the mixed layer depth deepening 

observed in Chapter 3. This chapter also provides insight into whether the autumn 

phytoplankton bloom off the Western Australian coast is likely to support the transfer of 

biomass to higher trophic levels.  

Finally, in Chapter 6 we present a summary of conclusions, a discussion of future 

work and an overview of the study’s far-reaching implications. 
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Chapter 2 Introduction 

2.1 Temporal and spatial scales of oceanographic processes 

The scale of a varying ocean property is defined as the distance (or time) over 

which its quantity remains similar before significantly changing (Denman & Powell 

1984). The physical processes most likely to influence biological activity in the ocean 

are those that occur in the space/time domain intrinsic to specific organisms. 

Ecosystems are forever confronted with a range of natural environmental fluctuations 

that vary in magnitude through space and time: the dominant physical processes at large 

scales, e.g. the mixed layer depth and oscillations, act as energy sources to fuel ocean 

turbulence at a large spatial scale (1,000 to >10,000 km, years to centuries, Figure 2-1). 

Interannual ocean-atmosphere variability including the El Niño-Southern Oscillation 

(ENSO) for example, affects marine production across ocean basins by influencing 

food-web structure, seasonal migration and recruitment of higher trophic levels (Barber 

& Chávez 1986, Mysak 1986, Brodeur & Pearcy 1992). 
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Figure 2-1: Time-horizontal space scale diagram illustrating several physical and 

biological processes in ovals. Adapted from Dickey (2003). 

 

At an intermediate scale (100 m to 100 km, days to months), hydrodynamic 

processes play a crucial role in phytoplankton dynamics. Whether it is through vertical 

mixing or other processes such as frontal systems (e.g. eddies, upwelling, Kelvin and 

internal waves) these processes have important consequences on the light (via deeper 

mixing) and nutrient availability to phytoplankton. The present study focused on the 

intermediate time and space scales. We have therefore provided more details on the 

impacts these hydrodynamic processes have on the phytoplankton dynamics in section 

2.2. Understanding the seasonal variation in physical and biological processes is crucial 

if we are to predict the impacts which large scale physical processes (e.g. ENSO, 

climate change) may have on an ecosystem.  
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At a smaller scale (mm to meter, seconds to hours), biological processes such as 

vertical migration may control plankton production (Daly & Smith Jr 1993). Generally, 

the smaller the spatial scale, the shorter the temporal scale in which the phenomenon is 

in operation. Because these time scales are not the major focus of this study no more 

details are provided. 

2.2 Factors influencing phytoplankton dynamics 

The factors determining phytoplankton population dynamics can be broadly 

categorized as being controlled by resource limitation (bottom-up) or predation (top-

down). Resource limitation is well known from observations of limiting nutrients in 

nature (e.g. Martin et al. 1991) and experimental evidence from the field (Sterner 1994, 

Thompson & Hosja 1996). There is quite a body of research into the theory of resource 

limitation in phytoplankton (Tilman et al. 1982) and some experimental evidence of its 

effect on community succession (Sommer 1993). Predation by microzooplankton (20–

200 µm) is also known to be a major and pervasive control on the biomass of a 

phytoplankton community (Calbet & Landry 2004), but our knowledge of how it may 

impact the dynamics of populations is still limited. 

2.2.1 Bottom-up control 

It has been well established that hydrodynamics plays a crucial role in the size 

distribution of phytoplankton (e.g. Margalef 1978, Legendre & Le Fèvre 1989, 

Tremblay et al. 1997, Goericke & Montoya 1998) mainly through their effect on the 

differential competitive abilities of phytoplankton to take up inorganic nutrients and/or 

to remain in the euphotic layer (e.g. Kiorboe 1993). Turbulence or upwelling brings 

nutrients to the surface layer, supporting rapid growth of larger cells, which are adapted 

to compete in a temporally variable, nutrient-rich environment (herbivorous food-web). 

In a stratified water column, nutrients will be sequestered by small phytoplankton and 
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bacteria (the microbial food-web). Both field studies (e.g. Legendre et al. 1993, Nielsen 

& Hansen 1995, Tamigneaux et al. 1999) and conceptual models (e.g. Legendre & Le 

Fèvre 1989, Tremblay & Legendre 1994, Legendre & Rassoulzadegan 1995) have 

pointed to phytoplankton size as the principal mechanism controlling the trophic 

organisation of planktonic communities via a number of mechanisms including 

sedimentation which affects, consequently, the cycling of carbon through the pelagic 

ecosystem (e.g. Waite et al. 1992).  

Hydrodynamic processes are generally believed to control primary production in 

the ocean by governing the supply of light and nutrients available to phytoplankton 

communities (Legendre & Demers 1984). Vertical mixing is the process whereby 

hydrodynamic energy is transferred to depth via a number of processes including 

turbulent diffusion (Daly & Smith Jr 1993). The energy source can be introduced by 

surface wind stresses, surface heat losses, unstable density fields and interactions 

between these processes. The net result of these processes is to create a portion of the 

water column where the density is relatively homogeneous. This mixing has impacts on 

the factors that influence the phytoplankton dynamics such as temperature, light and 

nutrients. 

(a) Temperature 

Temperature is often a fundamental constraint on marine species with upper and 

lower thermal tolerances determining their geographic extent. Consequently, many 

phytoplankton species are distributed in latitudinal bands (Longhurst 1998). 

Temperature is fundamental to phytoplankton dynamics for its various roles including 

constraining the maximum growth rate of phytoplankton (Eppley 1972). Most 

organisms appear to be adapted to the range of temperatures in which they are found, 

even though their optimal response may be at a somewhat different temperature than the 
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average conditions (Li 1985). Since many reactions with a variety of kinetics are 

involved in photosynthesis, there is no simple relationship between photosynthetic rate, 

or phytoplankton growth rate and temperature. Most importantly, different species 

respond differently to different temperature variations (Eppley 1972). Furthermore 

temperature interacts with other factors such as nutrient availability to determine growth 

rates, so that the relationship can be complex (Goldman & Carpenter 1974).  

(b) Light 

The relationship between depth of mixing and photosynthesis has been formally 

treated (Sverdrup 1953). The critical depth model relates phytoplankton blooms to the 

vertical stabilisation of the water column, and it explains the timing of blooms for many 

regions of the oceans where nutrients are not limiting (Legendre 1990). In general, if the 

depth of the mixing is deeper than the critical depth then light limitation can occur. In 

this case, the rate of mixing can be critical. Blooms have been observed under 

conditions where mixing was deeper than the critical depth in the Atlantic Ocean. Using 

field data, Huisman et al (1999) identified some inconsistent observations of spring 

blooms in the absence of vertical stratification (Townsend et al. 1992, Eilertsen et al. 

1995). Using a modelling approach, Findlay et al. (2006) investigated the importance of 

mixing rates to the development of a autumn bloom. They demonstrated that for a 

bloom to develop, the increase in nutrient concentrations in the upper layer needs to be 

rapid during the first few days of the forcing period. On the other hand, if the mixing 

rate is too fast, phytoplankton can be moved to depths with low light levels before they 

can grow and utilize the nutrients.  
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(c) Nutrients 

Vertical mixing is particularly important in the seasonal replenishment of nutrients 

in temperate ecosystems (Daly & Smith Jr 1993). In autumn and winter, deep mixing 

replenishes the surface waters with nutrients, and as soon as the stratification takes 

place, the irradiance in the euphotic zone increases and the conditions become 

favourable for the development of the spring bloom (Sverdrup 1953, Pingree et al. 

1977). 

Of the three constituent elements (silicon, nitrogen, and phosphorous), nitrogen has 

historically been considered to be the predominant limiting nutrient in marine systems 

(Howarth 1988). Dissolved inorganic nitrogen can be found in several forms with the 

two major forms being nitrate and ammonium. Bacterial oxidation of ammonia to nitrite 

then nitrate is thought to be inhibited by light, so that it mostly occurs below the 

euphotic zone. In the euphotic zone of the open ocean, phytoplankton take up ammonia 

and urea in preference to other oxidized forms of nitrogen, so their concentrations are 

held at low levels, rarely exceeding 0.5 µM. Because production based on nitrate is 

using nutrients newly arrived from the outside of the productive layer, it is termed ‘new 

production’ (Dugdale & Goering 1967). If the organic matter is then consumed and the 

nitrogen excreted as ammonia or urea, its subsequent uptake and re-incorporation in 

organic matter by phytoplankton is termed ‘regenerated production’. The quantities of 

phosphorus and nitrogen in the ocean at depth are in the rough ratio 1:16 (Redfield et al. 

1963). When nutrients are not limiting, the ratio in bulk phytoplankton is often very 

close to the Redfield ratio. Large difference from the Redfield ratio can indicate a 

potential limitation by either nitrogen or phosphorus. 

Silicate is used in the cell structure of diatoms and silicoflagellates and usually has 

concentrations greater than nitrogen and phosphorous in the surface waters off north 
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west Australia. During diatom blooms, however, the bioavailability of silicate may be 

severely lowered (Dawes 1998). Silicate is mainly replenished through vertical mixing 

although river discharge can contribute significantly to the input of silicate in some 

areas. Ningaloo Reef receives little to no terrestrial inputs from the adjacent arid desert 

other than infrequent storm discharge (Cassata & Collins 2008) so that we can consider 

advection and vertical mixing to be the major sources of silicate to this region.  

When nutrient concentrations are low, the acquisition of nutrients by large 

phytoplankton may be limited by molecular diffusion (Munk & Riley 1952, Gavis 

1976). In contrast, a well-mixed water column can lead to the enhanced growth of large 

phytoplankton cells due to several effects. First, mixing can keep these large cells in the 

surface waters, whereas when the water column is stratified these large cells sink 

(Smayda 1970). Secondly, the supply of nitrate via vertical mixing can favour the 

growth of large phytoplankton and support a relatively large phytoplankton biomass 

(Dugdale & Goering 1967, Eppley & Peterson 1979, Malone 1980b, a). Finally some 

taxa such as diatoms, have many large-sized species that are highly adapted to low light 

conditions (Smetacek & Passow 1990, Litchman 1998, Mitrovic et al. 2003).  

In addition, all plants have small, but important, requirements for a wide array of 

other elements, mostly transition metals and common ions. Iron is, by weight, the most 

important of the trace components in algal cells (Reynolds 2006). Apart from fluvial 

inputs, concentrations can be augmented directly by wet deposition of dust derived from 

terrestrial sources (Karl et al. 2002), as well as from the deep ocean. The aeolian supply 

of iron to the sea surface can lead to large blooms of diatoms that eventually exhaust the 

next most limiting nutrient, aggregate and sink rapidly out of the water column.  
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2.2.2 Top-down control 

The formation of a phytoplankton bloom requires that favourable conditions are 

maintained for a sufficient period such that net growth exceeds losses and biomass can 

accumulate. Grazing by microzooplankton can account for 100 % of primary 

production, thereby preventing an accumulation of phytoplankton (Verity & Smetacek 

1996, James & Hall 1998). Generally, blooms form in spring after the winter mixing has 

replenished the surface waters with nutrients and once the water column starts to stratify 

and therefore the irradiance increases. The development of a bloom in a non-stratified 

water column has been observed in the North Atlantic and has been the subject of 

several studies trying to unveil the reasons for this unexpected bloom occurrence. 

Recently Behrenfeld (2010) suggested that the bloom in the North Atlantic could 

develop because of the dilution effect that the deepening of the mixed layer depth 

causes. His hypothesis, ‘the dilution-recoupling’ hypothesis suggests that the deepening 

of the mixed layer depth causes the net population growth rate to exceed losses because 

of the decreasing interactions between grazers and phytoplankton. As stratification is re-

established and the biomass of zooplankton increases, grazing increases, and the 

phytoplankton biomass begins to decline.  

2.3 Oceanography off Western Australia 

2.3.1 Background oceanography 

In the southern hemisphere, basin-scale oceanic gyres rotate anti-clockwise which 

causes coastal currents to generally flow northwards on the western side of continents 

and southwards on an eastern coast. The equatorward currents found at the eastern side 

of ocean basins, i.e. off the west coast of continents, are termed eastern boundary 

currents. The resulting Ekman transport generates large-scale upwelling resulting in 

high nutrient, cool water reaching the surface. Because the isotherms off Western 

Australia (WA) tend to be deflected towards the coast and southwards 
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throughout the year, the west coast of Australia represents an anomaly with regard to 

the global eastern boundary currents.  

The dominant ocean current along the WA coast is the Leeuwin Current (LC) 

(Godfrey & Ridgway 1985, Smith et al. 1991), a warm poleward flow of tropical water 

(Figure 2-2). Unlike other eastern boundary currents (e.g., the Benguela and Humboldt 

Currents at similar latitudes), the poleward flow of the LC suppresses the persistent 

upwelling of cool, nutrient-rich, subsurface water onto the continental shelf (Pearce 

1991). Commencing as a broad (400 km) and shallow (50 m) flow off north west 

Australia, this warm, low-salinity current narrows to 100 km and deepens to 300 m as it 

strengthens southward (Smith et al. 1991). The core of the LC flows along the shelf 

break, seaward of the 200 m isobath (Smith et al. 1991, Feng et al. 2003). Geostrophic 

transport from the Indonesian Throughflow generates an alongshore steric height 

gradient that drives the LC poleward (Godfrey & Ridgway 1985). The unstable nature 

of the LC (Batteen et al. 1992) means that meanders and mesoscale eddies are generated 

along the path of the current. The eddy kinetic energy is greatest south of 28°S where 

most of the long-lived mesoscale eddies are generated (Feng et al. 2005). 

Surface waters of the eastern Indian Ocean are considered strongly oligotrophic, 

with nitrate and phosphate concentrations typically below 0.2 µM (Rochford 1980). The 

LC transports nutrient-poor waters from the tropics and suppresses upwelling of 

nutrient-rich deep water (Hanson et al. 2005b). Nitrate concentrations in surface waters 

are typically below 0.5 µM throughout the year (Lourey et al. 2006). The northern LC 

waters are low in phosphate concentrations (<0.1 µM) but the concentrations gradually 

increase further south within the LC (Lourey et al. 2006) while silicate concentrations 

are slightly more elevated to the north (up to 4 µM) versus the south (<2 µM).  
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Figure 2-2: Location of the Leeuwin Current, Ningaloo Current and Ningaloo Reef, 

Western Australia (adapted from Woo et al., 2006). 
 

In the waters off north west Australia, small photoautotrophic species dominate. 

Synechococcus sp. and Prochlorococcus sp. can represent up to 97 % of chlorophyll a 

smaller than 5 µm (Furnas 2007, Thompson et al. 2010). A distinctive tropical diatom 

flora also exists (Jeffrey & Hallegraeff 1990) with keystone genera such as 

Bacteriastrum sp., Chaetoceros sp., Coscinodiscus sp., Rhizosolenia sp., Thalassionema 

sp., Thalassiothrix sp.. Off north west Australia, heterotrophic dinoflagellates can be 

abundant with common species such as Gymnodinium sp., Oxytoxum sp., 

Protopteridinium sp. and Katodinium sp. (Hallegraeff & Jeffrey 1984, Hanson et al. 

2007b). Hanson et al. (2007b) suggested that the prevalence of these heterotrophs may 

have been positively related to the overall abundance of picoautotrophs, a known food 

source for dinoflagellates (Gaines & Elabrachter 1987, Kuipers & Witte 2000). 
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2.3.2 Study area 

Ningaloo Reef stretches ~260 km south of North West Cape, and is the world’s 

longest fringing reef situated on the west coast of a continent (Figure 2-2) (Taylor & 

Pearce 1999). It is part a barrier and part fringing reef system, with shallow coral-

dominated reefs ranging from ~200 m to 7 km offshore. At this location, the continental 

shelf break is the narrowest in Australia and extends only 6 to 8 km offshore in the 

northern part of the reef. South of Point Cloates, the width of the shelf increases to over 

30 km. Ningaloo Reef is internationally known for its seasonal feeding concentration of 

the whale sharks during March to June (Taylor 1996, Wilson et al. 2001), and the reef is 

also rich in corals and other marine life. The seasonal congregation of whale sharks and 

the amazing biodiversity has also lead to the development of eco-tourism industries in 

this area that generates in excess of A$12 million annually (Colman 1997). 

In this region rain is negligible year-round and therefore we can consider that the 

input of macronutrients or other substance from runoff to the coastal zone is negligible 

(Cassata & Collins 2008). For tropical coral reef systems generally, growing evidence 

has suggested these systems rely heavily on external particulate nutrient sources to 

sustain their high rates of benthic production (Yahel et al. 1998, Fabricius & Dommisse 

2000, Houlbreque et al. 2006). Numerous coral reef organisms are known to feed on 

particles within the size range of phytoplankton. Such taxa include bivalves (Klumpp et 

al. 1992), gastropods (Lesser et al. 1992), soft corals (Fabricius et al. 1995a, Fabricius et 

al. 1995b) and sponges (Reiswig 1971, 1974, Pile 1997). Wyatt et al. (2010) identified 

the potential for Ningaloo Reef to rely heavily on the delivery of offshore dissolved 

nutrient and particulate matter via wave-driven transport. The reef was estimated to 

consume the phytoplankton from ~87 km2 of the adjacent ocean per day. 
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2.3.3 Oceanography off Western Australia at the seasonal timescale 

Off WA, most field studies of phytoplankton dynamics have been conducted off 

Perth at ~32°S (e.g. Hanson et al. 2005a, Koslow et al. 2008). The background 

knowledge on the seasonal variation of relevant parameters for biological oceanography 

of this region are summarised in Table 2-1. Before the present study, there had only 

been two major studies conducted in the waters off Ningaloo Reef. The first one was 

conducted by Hanson et al. (2005b) and contains some information about the 

phytoplankton community and primary production in spring. The second study was 

done by Furnas (2007) who compared one El Niño summer with one La Niña summer 

and autumn. We present below a summary of the knowledge of the seasonal variation in 

the waters off Ningaloo Reef. When no data for the waters off Ningaloo Reef was 

available, we present the data for the waters off south west WA. We note that a few 

other studies have focused on the ichtyoplankton (e.g. Sampey et al. 2004) and 

zooplankton (e.g. Wilson et al. 2003) on the NW shelf but because the focus of this 

thesis is on the physico-chemical parameter and their impact on the first level of the 

food chain (phytoplankton and microzooplankton) we will not present a review of these 

studies. The effect of these larger predators on our results will be discussed in Chapter 

5. 

The strength of the LC is strongly seasonal and flows at its strongest during winter 

(5 Sv ~5×106 m3 s-1, Smith et al. 1991, Feng et al. 2003) when the southerly winds 

opposing the LC are at their weakest (Godfrey & Ridgway 1985). The LC flow is 

weakest in summer (~2 Sv, Feng et al. 2003) . In summer, the Ningaloo Current, a 

narrow coastal boundary current can transport cooler surface water northwards along 

the seaward margin of the Ningaloo Reef (Taylor & Pearce 1999, Hanson et al. 2005b). 

The oceanographic processes associated with summer upwelling-favourable conditions 

have been the subject of a few studies aiming to assess the importance of these to 
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nutrient and phytoplankton dynamics (e.g., Hanson et al. 2005b, Furnas 2007). Unlike 

the Benguela and Humboldt Current, there is no persistent upwelling of cool nutrient-

rich subsurface water in the waters off Ningaloo Reef. Off Ningaloo Reef, upwelling 

seems to originate from the base of the mixed layer, bringing relatively shallow water to 

the surface (Hanson et al. 2005b). 

Table 2-1: Summary table of previous investigations on the seasonal dynamics of 

physical and biological parameters in the waters off Western Australia. Coastal data, 

defined as any sampling in water column shallower than the 200 m isobar (used as a 

proxy of where the LC flows) are not presented since we assume that they would be 

very different to the shelf water at Ningaloo Reef. 

 

A seasonality in the mixed layer depth has been observed off south Western 

Australia (Lourey et al. 2006), and more generally in the Australasian region by Condie 

and Dunn (2006). In summer off south Western Australia, the mixed layer depth is ~30 

 Autumn/winter Spring/summer References 
LC transport (m3 s-1) ~5×106 ~2×106  Smith et al. 1991,  

Feng et al. 2003 
Water temperature (°C) 22  19  Thompson et al. 2009 
Water salinity ~35.5  35.8  Thompson et al. 2009 
Mixed layer depth (m) 75-100  ~30  Lourey et al. 2006 
Nitrate concentration (µM) ~0.5-0.7  ~0.1-0.2  Hanson et al. 2005a, 

Lourey et al. 2006, 
Thompson et al. 2009 

Silicate concentration (µM) ~2.75-2.9  ~1.5-2.25  Lourey et al. 2006, 
Thompson et al. 2009 

Phosphate concentration (µM) ~0.14-0.16  ~0.1  Lourey et al. 2006 
Phytoplankton concentration  
(µg chl a L-1) 

0.4  0.1-0.2  Feng & Wild-Allen 
2010 

f-ratio (*) None available 0.1-0.2  
(Ningaloo Region) 

Hanson et al. 20017b 

0.4-0.8  
(south west WA) 

Twomey et al. 2007 

Primary production  
(mg C m-2 d-1) 

   

Offshore Indian Ocean (~110°E) 200 <100 Jitts 1969 

Within the LC 300-400 ≤200 Hanson et al. 2005b, a, 
Koslow et al. 2008 

(*) f-ratio is the fraction of total primary production fuelled by nitrate (as opposed to 
that fuelled by other nitrogen compounds such as ammonium). 

http://en.wikipedia.org/wiki/Primary_production�
http://en.wikipedia.org/wiki/Nitrate�
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m and relatively uniform spatially, but in winter there are sections on the shelf and 

offshore that can become considerably deeper (75-100 m) and this deepening coincides 

with an increase in chlorophyll a concentration (Lourey et al. 2006).  

Off the south west WA shelf, the surface waters are low in nitrogen (<0.5 µM) year 

round (Lourey et al. 2006). Off south west WA, an increase in nutrient concentrations 

during winter has been previously observed (Thompson & Waite 2003, Hanson et al. 

2005a, Lourey et al. 2006, Koslow et al. 2008). Seasonal variation in nitrate 

concentrations is small, ranging from 0.1-0.2 µM in summer to ~0.5-0.7 µM in winter 

(Lourey et al. 2006, Thompson et al. 2009). The increase in nitrate concentrations in 

winter coincides with a decrease in stratification of the water column (Thompson et al. 

2009). Phosphate concentrations increase from ~0.1 µM in summer to ~0.14-0.16 µM in 

winter (Lourey et al. 2006). The existence of a seasonal variation in silicate 

concentrations is still a matter of debate. While Lourey et al. (2006) observed higher 

silicate concentrations within the surface waters of the LC in winter, Thompson et al. 

(2009) did not observe any significant seasonal variation. This difference could be due 

to the difference in the origin of the data. Lourey et al. (2006) use a data set covering a 

relatively large spatial area and analysed using various methods whereas Thompson et 

al. (2009) used data from a single station with consistent methods throughout the period 

of study.  

Satellite observations across the shelf and LC indicate that chlorophyll a 

concentrations were greatest in winter (Moore 2005, Lourey et al. 2006), suggesting a 

subtropical plankton cycle, similar to that observed over the open ocean waters of the 

sub-tropical ocean basins (Yoder et al. 1993), although nearshore field observations 

have proved more equivocal (Thompson & Waite 2003, Pearce et al. 2006). Within the 

LC, surface chlorophyll a concentrations are generally low (between 0.1 and 0.2 μg chl 
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a L-1) in summer and reach maximum values (~0.4 μg chl a L-1) in winter (Feng & 

Wild-Allen 2010). Koslow et al. (2008) concluded that neither wind nor runoff could be 

responsible for the increase in chlorophyll a in autumn and winter off south west WA 

since these two factors are negligible to the input of nutrients to the shelf at this time of 

the year in the area.  

There is also a link between the strength of the LC and the recruitment of various 

fish and invertebrate species common to WA coastal waters. This includes the western 

rock lobster (Pearce & Phillips 1988, Griffin et al. 2001), Australia’s most valuable 

single species fishery. The Fremantle sea level is widely used in fishery recruitment 

research to represent the Leeuwin Current strength (Caputi et al. 1995). This 

relationship is positive for western rock lobster (Panulirus cygnus, Pearce & Phillips 

1994) and whitebait (Hyperlophus vittatus, Caputi et al. 1996) populations, but negative 

for scallop in Shark Bay (Amusium balloti, Joll & Caputi 1995) and pilchard 

populations (Scardinops sagax neopilchardus, Caputi et al. 1996). Whale shark 

numbers also vary from year to year with some evidence for a link to ENSO processes, 

but mechanisms behind this variation are not known (Wilson et al. 2001). 

2.3.4 Oceanography off Western Australia at the interannual timescale 

Relatively little work has been done on the interannual variations of bio-physical 

parameters off WA (Table 2-2). The strength of the LC is linked to ENSO cycle. El 

Niño events are generally characterized by lower sea levels along the WA coast and a 

weaker LC (Caputi et al. 2001). A correlation (r2 = 0.73) exists between the mean sea 

level (at ~32°S) and the Southern Oscillation Index (SOI) (Pearce & Phillips 1988, Feng 

et al. 2003). The LC transport is on average ~4.2 × 106 m3 s-1 during La Niña phase and 

about 3.0 × 106 m3 s-1 during the El Niño phase of ENSO (Feng et al. 2003). Furnas 

(2007) observed a difference in sea level of ~25 cm between El Niño years and La Niña 
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years. 

Table 2-2: Summary table of previous investigations on the interannual dynamics of 

physical and biological parameters in the waters off Western Australia. 

Using ~50 years (1951-2001) of chemical and physical data, Thompson et al. 

(2009) analysed the long term trends at a station located at ~32°S in the waters off WA 

(Rottnest Island). They concluded that the water temperature had become significantly 

warmer (1.2°C century-1) and more saline (0.407 PSU century-1), with higher nitrate 

(0.4 µM century-1), phosphate (0.313 µM century-1) and decreasing oxygen 

concentrations (49.1 µM century-1). The stratification of the water column in winter was 

also decreasing. This trend in increasing salinities could arise from increasing transport 

of relatively higher salinity water southwards by the LC. The LC however is relatively 

fresh close to the tropics (Boland & Church 1981). Thus, Thompson et al. (2009) 

suggest that increasing evaporation in the LC as it moves southwards is more likely to 

explain this trend. 

Across most of south west WA, there is a positive correlation between annual 

chlorophyll a anomalies and the mean SOI (Thompson et al. 2009). In the waters off 

Ningaloo Reef, Furnas (2007) suggested that the interannual variation in pelagic 

production in the LC is caused by climate-associated mechanisms (i.e., the El Niño / La 

Niña cycle). He compared the 1997/98 and 1998/99 summer and data from autumn 

2002. Because there was only one data set for the autumn season most comparisons 

were done using the two summer sampling periods. This study showed that the 1997/98 

El Niño event led to an increase in phytoplankton biomass and productivity in the 

summer months in the waters off the North West Cape. During the summer of 

 El Niño La Niña  References 
Sea Level (m) 4.3-4.6  4.5-4.8  Furnas 2007 
LC transport (× 106 m3 s-1) 3.0  4.2  Feng et al. 2003 
Nutrient concentration greater lower Furnas 2007 
Production (g C chl-1 day-1) 108-185  57-79 Furnas 2007 
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1997/98, representing one of the strongest El Niño events ever reported, Furnas (2007) 

observed a general shoaling of the isotherms against the continental slope that coincided 

with elevated chlorophyll a concentrations. He associated the increasing production 

observed in summer with a relaxation of the LC and a thinning of the low-density 

surface layer, which brought deep, nutrient-rich waters into the euphotic zone. The 

depth-weighted average concentration of dissolved nitrogen (NO-
3 + NO-

2) and silicate 

in the surface layer (0-35 m) were significantly greater during the summer 1997/98 (El 

Niño) than the summer 1998/99 (La Niña) (Furnas 2007). Average daily production 

measured during the El Niño event were three times (3.1 g C m-2 day-1) those observed 

during La Niña (1.3 g C m-2 day-1). Furnas (2007) suggested that large-scale climate 

events such as El Niño influence biological productivity in the waters north of Ningaloo 

Reef primarily by changing the intensity or volume of the poleward flowing LC. During 

La Niña events, the stronger flow was suggested to inhibit coastal upwelling of high 

nutrient waters along the continental slope. During El Niño events, Furnas (2007) 

proposed that reduced southward transport allows the nutricline to rise closer to the 

surface where mixing processes driven by internal waves and tides can mix more 

nutrients into the euphotic zone. The influence El Niño and La Niña events may have on 

the oceanography of the waters off Ningaloo Reef are still very speculative and require 

further studies. It is likely that El Niño events will have a different effect on the 

mechanisms driving the autumn production than the spring production, and likewise for 

La Niña events.  

In summary, most studies have so far focused on the waters off south west WA and 

the pelagic ecology offshore of Ningaloo Reef is largely unknown. Some seasonality in 

physical forcing associated with variation in the flow of the LC was observed in 

previous studies off south west WA. To investigate the oceanographic forcing of 

phytoplankton dynamics in the waters off Ningaloo Reef, we hypothesised that 
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this seasonality in physical forcing would also be observed offshore of Ningaloo Reef. 

The understanding of the mechanisms driving phytoplankton dynamics on a seasonal 

basis is the subject of this thesis. The present thesis will contribute significantly to the 

understanding of the impacts large scale processes such as El Niño events may have on 

the waters off Ningaloo Reef and therefore the sustainability of the reef. 
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Chapter 3  
The role of the Leeuwin Current and mixed layer depth on the 

autumn phytoplankton bloom off Ningaloo Reef, Western 
Australia 

3.1 Abstract 

In this study we describe the temporal dynamics of phytoplankton biomass off 

the North West Cape region of Australia surrounding Ningaloo Reef. The physical 

mechanisms that influence the seasonal variability in chlorophyll a concentration were 

investigated. The results showed that the mixed layer depth deepened to ~100 m in 

autumn, which coincided with an increase in nutrient and surface chlorophyll a 

concentrations in this region. For this analysis we combine historical field data sets, 

satellite-derived ocean colour observations and output from a data-assimilating 

numerical ocean model. Estimates of compensation depths from remotely sensed 

photosynthetic active radiation and attenuation coefficients were used to investigate the 

potential of light limitation on phytoplankton growth and the standing stock of 

chlorophyll a. We discuss the various factors influencing the phytoplankton dynamics 

such as nutrient concentrations, light limitation and grazing pressure. We conclude that 

the mixed layer depth deepening observed in autumn is the mechanism responsible for 

most of the seasonal variation in chlorophyll a observed in the waters off Ningaloo Reef 

and that light is likely to be non-limiting despite MLDs ~100 m. 
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3.2 Introduction 

The dominant ocean current along Western Australia (WA) is the Leeuwin Current 

(LC) (Godfrey & Ridgway 1985, Smith et al. 1991), a warm poleward flow of tropical 

water. Unlike other eastern boundary currents (e.g., the Benguela and Humboldt 

Currents at similar latitudes), the poleward flow of the LC suppresses the persistent 

upwelling of cool, nutrient-rich, subsurface water onto the WA continental shelf (Pearce 

1991). Commencing as a broad (400 km) and shallow (50 m) flow off the north west of 

Australia (~22°S), this warm, low-salinity current narrows to 100 km and deepens to 

300 m as it strengthens southward (Smith et al. 1991). As the LC flows southwards, it 

also traverses over a region where the width of the continental shelf varies greatly; from 

an extremely narrow cliff-like structure off Ningaloo Reef (~100 m deep at 6 to 10 km 

offshore) to a wider and more gradual slope south of this region. The core of the LC 

flows along the shelf break, seaward of the 200 m isobath (Smith et al. 1991, Feng et al. 

2003). Dynamically, the LC is maintained by the geostrophic transport from the 

Indonesian Throughflow that generates an alongshore steric height gradient (Godfrey & 

Ridgway 1985). The strength of the LC is highly seasonal, and its transport has been 

reported to be greatest during the austral autumn/winter (Smith et al. 1991, Feng et al. 

2003). Although the dominant winds along the WA coast blow towards the equator, the 

LC is able to overcome these wind stresses throughout the year, albeit near-coastal, 

northward flowing wind-driven currents may coexist shoreward of the LC, especially 

during summer and spring when these winds are strongest (e.g. Gersbach et al. 1999, 

Taylor & Pearce 1999).  

Ningaloo Reef is Australia’s largest fringing coral reef system (~260 km long) 

(Taylor & Pearce 1999), located in the region of the North West Cape of WA (Figure 

3-1). This fringing reef was recently (January 2010) nominated for world heritage 

listing and consists of an outer barrier reef that partially encloses a shallow, 
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coastal lagoon system (Hearn et al. 1986). It is known for its seasonal concentration of 

whale sharks from March to June (Taylor 1996, Wilson et al. 2001).  

 
Figure 3-1: Location of Ningaloo Reef, Western Australia, including a schematic of the 

main surface current systems in the region (adapted from Woo et al., 2006). 

 

For tropical coral reef systems generally, growing evidence has suggested these 

systems rely heavily on external particulate nutrient sources to sustain their high rates of 

benthic production (Yahel et al. 1998, Fabricius & Dommisse 2000, Houlbreque et al. 

2006). Numerous coral reef organisms are known to feed on particles within the size 

range of phytoplankton. Such taxa include bivalves (Klumpp et al. 1992), gastropods 

(Lesser et al. 1992), soft corals (Fabricius et al. 1995a, Fabricius et al. 1995b) and 

sponges (Reiswig 1971, 1974, Pile 1997). Wyatt et al. (2010) identified that Ningaloo 

Reef relied mostly on the delivery of offshore dissolved nutrient and particulate matter 

via wave-driven transport. By using a simple particle dispersion model, we show in 

Chapter 4 that the particles delivered to the reef come from an area ~15 times 
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greater in autumn than in spring. This implies that a small change in the mechanism 

driving the seasonal variation in offshore chlorophyll a may result in an important 

decrease in the amount of particulate matter delivered to the reef in autumn. Despite the 

importance of phytoplankton production in offshore waters to herbivorous benthic 

communities living on the reef itself, very little work has focused on the physical and 

biological oceanographic processes occurring in the region offshore of Ningaloo Reef.  

Off WA, most studies of phytoplankton dynamics have been conducted off Perth at 

~32°S (e.g. Hanson et al. 2005a, Lourey et al. 2006, Koslow et al. 2008). These data 

show that the LC transports nutrient-poor waters from the tropics and suppresses 

upwelling of nutrient-rich deep water (Hanson et al. 2005b). Nitrate concentrations in 

surface waters are typically below 0.5 µM throughout the year (Lourey et al. 2006). 

Surface chlorophyll a concentrations are generally low (0.1-0.2 μg chl a L-1) in 

spring/summer and reach maximum values (~0.4 μg chl a L-1) in autumn/winter (Feng 

& Wild-Allen 2010). Off south west WA, the marine ecosystem is subject to a range of 

terrestrial anthropogenic nutrient stressors derived from agricultural, industrial and 

urban land use (Thompson & Waite 2003). Additional mechanisms of nutrients 

resupply have been suggested and include the resupply of nutrients to the euphotic zone 

via storms and eddies (Thompson et al. 2007, Koslow et al. 2008). In spring, wind-

driven, episodic upwelling is also believed to occur along the continental shelf region 

adjacent to Ningaloo Reef, thereby generating a cooler northward flow (Taylor & 

Pearce 1999, Woo et al. 2006b). The oceanographic processes associated with spring 

upwelling-favourable conditions have been the subject of a few studies aiming to assess 

the importance of these processes to nutrient and phytoplankton dynamics in Ningaloo 

coastal waters (e.g., Hanson et al. 2005b, Furnas 2007). However, we still have very 

little knowledge about offshore physical and biological conditions present during 
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autumn and winter, and how the physical and biological conditions in the waters off 

Ningaloo Reef vary over seasonal time scales.  

The aim of the present study is to assess the spatial and temporal variability in 

phytoplankton concentrations in the Ningaloo region and to investigate the physical and 

biological mechanisms driving this variability. Using satellite-derived ocean colour, we 

first identified a consistent autumn maximum (bloom) in surface chlorophyll a 

concentrations in the waters off Ningaloo Reef. We hypothesized that this chlorophyll a 

increase is physically-driven by the regional mixed layer depth (MLD) deepening 

beginning in autumn. Surface chlorophyll a concentrations observed during autumn 

were recurrently greater than values reported for spring when upwelling-favourable 

conditions have been thought to dominate. The LC is reported as transporting low-

nutrient waters and phytoplankton production within the LC has been reported as 

limited by the availability of nitrogen (Lourey et al. 2006). The increase of chlorophyll 

a in autumn must therefore coincide with an input of nitrogen. In this region where river 

input is negligible, nutrient supply is likely to be through mixing of deep nutrient-rich 

water into the surface waters. We investigate the role of this mixing on nutrient supply 

and discuss other biophysical mechanisms such as grazing and light availability known 

to limit the production of phytoplankton. We focused on the development of this 

autumn bloom and discuss the potential mechanisms driving the MLD deepening during 

this season through analysis of satellite-derived ocean color data, combined with ship-

based field observations, and the output of a data-assimilating numerical ocean model.  

3.3 Methods 

3.3.1 Field and Satellite Data 

In this study we define winter as the period from June until August, spring from 

September until November, summer from December until February and autumn 
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from March until May. Dissolved nutrients (silicate, phosphate and nitrate+nitrite) 

collected in the Ningaloo region between 1982 and 2007, were obtained from the 

CSIRO Data Trawler archive (http://www.cmar.csiro.au) (Figure 3-2).  

 
Figure 3-2: Location of the historical temperature/salinity, fluorescence profiles and 

nutrients data collected off Ningaloo, Western Australia, between 1982 and 2007. 

 

Winds measured in the region between 1997 and 2007 were obtained from half-

hourly data available from an automatic weather station operated by the Australian 

Institute of Marine Science at Milyering (http://data.aims.gov.au), located roughly 30 

km southwest of the tip of the North West Cape on a flat plain less than 1 km from the 

coast. Wind vectors were rotated into alongshore and cross-shore vector components, 

based on the main axis of the North West Cape (~30° east of true north). Wind stresses 

were estimated from wind speeds using drag coefficients from Large and Pond (1981). 

Net heat fluxes were obtained using Woods Hole Oceanographic Institution OAFlux 

product (Yu & Weller 2007) and were downloaded from 1997 to 2007 for a region from 

113.5°E to 114.5°E and from 21.5°S to 22.5°S (http://oaflux.whoi.edu). 

http://www.cmar.csiro.au/�
http://oaflux.whoi.edu/�
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3.3.2 Satellite-derived ocean colour data 

Satellite-derived ocean colour data were used to supplement the in situ data, 

providing broader temporal and spatial coverage across the study area. The ocean colour 

products were derived from Sea-viewing Wide Field-of-view Sensor (SeaWiFS) using 

daily composite images (9 km resolution) obtained between 1998 and 2007 

(http://oceancolor.gsfc.nasa.gov/). This SeaWiFS data included surface chlorophyll a 

concentration, photosynthetically active radiation (PAR) and the diffuse attenuation 

coefficient at 490 nm (k490). The attenuation coefficient for PAR (k) was estimated from 

the SeaWiFS k490 product as: 

490kk 1.62430.0085+=  (1) 

where k490 < 1 m-1 (Rochford et al. 2001).  

Sverdrup’s original description of the critical depth, where respiration is equal to 

production, includes not only phytoplankton respiration, but also grazing by 

zooplankton. This meaning has generally been lost in the intervening years and the 

respiration term (and compensation irradiance) has been used to refer to that of the 

plankton community only. Exclusion of the grazing term will result in estimates of the 

critical depth deeper than those based on the original formulation (Smetacek & Passow 

1990). To more clearly express the light level where photosynthetic and ecosystem 

community loss processes are equal the phrase ‘community compensation irradiance’ 

has been coined in more recent times. In the present study, the community 

compensation irradiance was estimated from the MLD (for the coincident area and 

month) at the start of the bloom using the method described in Siegel et al. (2002). This 

method assumes that if a bloom has commenced, phytoplankton biomass increases 

(growth) are therefore greater than community losses (respiration, excretion, grazing 

and sinking). The MLD at the start of the bloom defines the critical depth (Zcr) and was 

http://oceancolor.gsfc.nasa.gov/�
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used to estimate the compensation irradiance (Ic) from: 

0
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I
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cr =− −  (2) 

where k is the attenuation coefficient and I0 is the surface irradiance from in situ 

profiles. By assuming that the compensation irradiance stays constant throughout the 

year we can then calculate the compensation depth (Zc) for each month using: 

c

0
c I
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k
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where k is the attenuation coefficient, I0 is the surface irradiance and Ic is the 

compensation irradiance for the corresponding year.  

For the purpose of discussing the role of grazing in the development of a phytoplankton 

bloom, we also use Zc-Phyto, which can be defined as the depth where the phytoplankton 

production equals the losses due to respiration by phytoplankton only. To do so, we use 

a value for the compensation irradiance derived from laboratory experiments. The 

phytoplankton-only Ic value is generally considered to be between 0.1 and 0.8 mol 

photons m-2 d-1 (Falkowski & Owens 1978, Hobson & Guest 1983, Langdon 1988).  

A potential limitation of satellite data is that the chlorophyll a concentrations are 

derived from water-leaving radiance, which itself is dependent on the attenuation 

coefficient. This implies that a satellite may underestimate the depth-integrated 

chlorophyll a concentration, depending on the attenuation coefficient and the vertical 

profile of chlorophyll a. Therefore, the analysis of remotely sensed ocean colour in 

relation to the integrated total chlorophyll a in a water column must make use of 

additional regional knowledge about the vertical structure of the phytoplankton 

distribution. A validation of the ocean colour data for the area of interest was conducted 

using in situ data, which is included in Appendix B. For this validation, the calibrated 
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fluorescence was integrated over the euphotic depth (Zeu) defined at 0.1 % of the surface 

irradiance (I0). The data used in this validation were collected during November 2000 

and May 2007 (available from the CSIRO Data Trawler archive at 

http://www.cmar.csiro.au), thus including both autumn and spring periods. The data 

were collected using a conductivity, temperature and depth (CTD) profiler equipped 

with a LiCor LI192SA underwater light sensor and a Chelsea Instruments Aquatraka 

fluorometer. For each season, a linear regression between the chlorophyll a 

concentration estimate from SeaWiFS and the integrated chlorophyll a (derived from 

fluorescence) was conducted (see Appendix B). The calibrated fluorescence was 

integrated to the euphotic depth defined as 0.1 % of the surface irradiance using the 

highest and lowest extinction coefficient observed during the corresponding cruise (-

0.05 and -0.066 m-1 for November 2000, Hanson et al. (2007a); -0.065 and -0.084 m-1 

for May 2007, J. Greenwood (unpublished data)). The results of the linear regression 

show that chlorophyll a estimated from SeaWiFs were significantly (p < 0.05) 

correlated with the integrated chlorophyll a in this region.  

3.3.3 Numerical Model 

Output from the Bluelink model (www.bom.gov.au/bluelink/, Oke et al. 2008) was 

used to investigate horizontal current, temperature and salinity variability within the 

region between 1998 and 2007. Zonal and meridional components of horizontal current 

projected on the main axis of the North West Cape (~30º east of true north) and the 

current was averaged over the first 100 m of the water column. Poleward flowing 

alongshore currents are reported as negative values and northward flowing currents as 

positive values. Bluelink is based on the Ocean Forecasting Australia Model (OFAM) 

model with 47 layer z-levels (10 m resolution in top 20 layers), with a spatial resolution 

around Australia of 1/10°, and was specifically developed to understand boundary 

http://www.cmar.csiro.au/�
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current dynamics and mesoscale eddies around Australia. Details of the model can be 

found in Oke et al. (2008). The results reported here are based on the Bluelink 

Reanalysis (BRAN) version 2, a multi-year integration of OFAM incorporating data 

assimilation. BRAN is initialized to a blend of climatologies (e.g. Levitus 2001) and is 

driven at the surface by 6-h fluxes of momentum, heat and freshwater from ERA-40 

reanalysis (http://www.ecmwf.int). The model also assimilates sea surface elevation and 

temperature data from various satellites, and vertical profiles of temperature and salinity 

from ARGO drifters (see Oke et al. 2008 for details). A detailed validation of BRAN 

reported in Oke et al. (2008) indicates that the model realistically reproduces the 

mesoscale circulation around Australia with errors of <5-10 cm for sea-level, <0.6°C for 

SST, <1°C for sub-subsurface temperature and <0.15 for salinity.  

3.3.4 Mixed Layer Depth 

There are a number of ways to calculate the MLD (Monterey & deWitt 2000) 

however, the use of a “difference criterion” is common, as it is applicable when a sharp 

seasonal thermocline (or halocline) interface does not exist. MLDs based on a 

difference criteria tends to be more stable than those based on gradient criteria (Brainerd 

& Gregg 1995). Previous studies of MLD dynamics conducted off Western Australia 

have also used temperature and salinity differences to estimate MLDs (Condie & Dunn 

2006, Lourey et al. 2006). To allow for the comparison of the MLDs calculated in this 

study with other studies, we opted to calculate MLDs using an equivalent approach. 

Specifically, for each cast we defined the MLD as the minimum depth at which either of 

the following criteria was satisfied: temperature < temperature (10 m) – 0.4°C or 

salinity > salinity (10 m) + 0.03 (see Condie & Dunn 2006). The temperature criterion 

was chosen to best equate calculated MLDs with mixing depths obtained from direct 

turbulence measurements in the Australasian waters (Condie & Dunn 2006), while the 
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salinity criterion was chosen to eliminate the possibility of compensating temperature 

and salinity gradients being interpreted as a well-mixed density layer. Mixed layer 

depths were calculated using salinity and temperature profiles from both the in situ field 

data and output from the Bluelink model. The analysis of seasonal variability of MLDs 

was assessed for a region from 21.5°S to 22.5°S and from 113.0°E to 114.0°E. 

Temperature and salinity profiles were collected on four different cruises (R/V Franklin 

and R/V Southern Surveyor) between 1999 and 2007 using a SBE 911 with dual 

conductivity and temperature sensors for all cruises, except for the one in July 1999 

(FR199904) when a Neil Brown MkIIIC CTD was used. The MLD was estimated 

separately for each CTD casts and for each grid cell in Bluelink. Each in situ cast was 

also visually checked to confirm that the MLD estimate was appropriate, and those casts 

that were not deep enough to calculate a MLD were removed from the analysis. The 

MLDs computed from the Bluelink model are quantitatively compared with co-located 

CTD cast observations.  

An analysis of the monthly chlorophyll a concentration and MLD over a broader 

spatial scale was also conducted. For this analysis, monthly-averaged chlorophyll a 

concentrations were calculated using eight areas (9 km and 10 km resolution for 

chlorophyll a and MLD, respectively) and selected in two different regions, which 

included: two areas selected at various latitudes in the region offshore of the LC (along 

the 3000 m isobath) and fives areas in the LC region (approximately along the 200 m 

isobath). 

3.4 Results  

3.4.1 Seasonal variation of MLD and associated mechanisms  

To evaluate the ability of the data assimilating Bluelink numerical model to predict 

MLD variability specifically in the Ningaloo region, we compared Bluelink-
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derived MLD estimates with those calculated from numerous CTD casts collected 

between year 1997 and 2007. The comparison shows that the deep MLDs (~130-150 m) 

observed in Bluelink are also observed in situ (Figure 3-3). When using a confidence 

interval of 95 %, a significant correlation is observed between the MLDs from field 

measurements and the MLDs calculated using Bluelink (r2 = 0.64, p < 0.001, n = 76). 

The greater variance that exists in MLDs measured in the field (evident by the 

horizontal scatter in Figure 3-3) would contribute to reducing the correlation between 

data sets. This is likely because the Bluelink model with ~10 km grid resolution is 

unable to resolve finer (sub-grid scale) variability in MLD that would have been 

sampled in the field. In general, this analysis indicates Bluelink is capable of providing 

robust broad-scale estimates (both temporally and spatially) of the MLD seasonal 

variability that occurs across the Ningaloo region.  

 
Figure 3-3: (a) MLD (in meters) estimated from Bluelink compared with direct field 

measurements. The legend shows the cruise identification number (the four first 

numbers are the year) followed by the month during which the cruise was done. The 

continuous line is a 1:1 line. The dotted line (-.) represents the best linear fit MLDBluelink 
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= 0.4*MLDFieldData + 50.25, r2 = 0.38, p < 0.001). Correlation analysis was significant (r2 

= 0.64, p < 0.001). (b) Location of the direct field measurements used to validate the 

MLDs estimates from Bluelink used in (a). The colour scale indicates the degree of 

difference between the MLD estimated from in situ data and the MLD estimate from 

Bluelink. 

The MLDs in the waters off Ningaloo Reef show a strong seasonal cycle, with the 

MLDs attaining a maximum of ~120 m during the austral winter (June-August) and a 

minimum of ~40 m during the austral summer (December-February) (Figure 3-4). The 

seasonal thermocline variability was in phase with the MLD while the seasonal 

halocline variability was not (Figure 3-5). In autumn 2007 (March to May), the MLDs 

based on temperature alone were usually shallower than the one calculated using 

salinity, indicating that the MLD variability was largely driven by the temperature 

structure during this season. From mid-winter onwards (July to September), the MLDs 

became shallower and salinity was more significant in determining the MLD (MLD 

based on salinity is shallower than the one based on temperature).  
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Figure 3-4: Contour plot of the average MLD (in meters) derived from Bluelink for the 

year 2007 for (a) spring (September-November), (b) summer (December-February), (c) 

autumn (March-May) and (d) winter (June-August). Areas with depths shallower than 

50 m are blanked. 
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Figure 3-5: Ten year (1997 to 2007) monthly averages of (a) temperature (°C) and (b) 

salinity from Bluelink for a region from 21.5°S to 22.5°S and 113.0 to 114.0°E. The 

black dotted line represents the depth where either a difference of (a) 0.4°C or (b) a 

salinity of 0.03 was observed and the blue continuous line represents the MLD 

calculated using a temperature or salinity criterion alone. 
 

Various physical processes can influence the MLD (e.g. Burchard et al. 2008) 

including wind stresses, net surface heat fluxes, and current-induced turbulent mixing. 

Using a ten year average, from 1997 until 2007, seasonal surface wind stresses in the 

Ningaloo region ranged from as low as ~0.02 N m-2 in autumn to a maximum of ~0.04 

N m-2 during spring and summer months (Figure 3-6a). Over the seasonal cycle, wind 

stresses were at a maximum when the MLDs were most shallow. Thus, local wind 

forcing does not appear to be a dominant driver of the MLD variability in the Ningaloo 

region.  

The net surface heat flux switched from positive to negative in autumn, indicating 

that surface waters off Ningaloo consistently lose heat to the atmosphere (Figure 3-6b). 

Based on a ten year average (1997-2007), the greatest heat losses were found to 
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occur in winter (June, -220 W m-2), while the greatest heat gains occurred in late 

summer (February, +94 W m-2). Heat loss from the surface of the ocean is therefore a 

likely mechanism driving the MLD deepening in this region.  

Increasing alongshore current can lead to current shear which in turn can generate 

turbulent mixing and therefore contribute to the MLD deepening. Based on a ten year 

average (1997-2007), the mean alongshore current in the waters off Ningaloo Reef was 

-0.15 m s-1, with the greatest negative speed (indicative of poleward flowing currents) in 

autumn (-0.26 m s-1) and a minimum speed at the end of the winter months (August, -

0.016 m s-1) (Figure 3-6c).  

 
Figure 3-6: Temporal variation in monthly-averaged wind stress, net surface heat fluxes 

and alongshore current. (a) Wind stress (N m-2) estimated from Milyering weather 

station. (b) Net surface heat flux (W m-2) for the region between 21.5°S to 22.5°S and 

from 113.5°E to 114.5°E between 1997 and 2007. (c) Alongshore current (m s-1) from 

Bluelink (area-averaged between 21.8°S to 21.9°S and 113.0°E to 114.0°E for the year 

between 1997 and 2007). Note that negative values are towards the south west. 
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3.4.2 Seasonal variation of nutrient and chlorophyll a concentrations  

Monthly mean nutrient concentrations (silicate, nitrate and phosphate) were 

investigated in three depth layers, chosen to capture the range of MLDs observed in the 

study region. In the 60-100 m and 100-140 m depth layers, a maximum in nutrient 

concentrations was observed during autumn (March-May) (Figure 3-7). This autumn 

(March-May) nutrient peak coincided with the commencement of the deepening of the 

MLD around March. In April, silicate concentrations were at maxima in both the 60-

100 m (8.6 ± 0.85 μM) and 100-140 m layer (15.53 ± 0.94 μM). The variation of nitrate 

and phosphate concentration in the 60-100 m layer was similar to that observed for 

silicate with a maximum concentration in April at the 60-100 m (5.86 ± 0.93 μM for 

nitrate and 0.56 ± 0.065 μM for phosphate) and 100-140 m layer (12.53 ± 0.38 μM and 

0.96 ± 0.054 μM for phosphate). Note that nutrient concentrations dropped between 

April and May and that this drop was more pronounced in the 100-140 m layer than for 

the 60-100 m layer. For example, for silicate, a t-test (after log-transformation) showed 

a significant difference between the concentration observed in April and May in the 

100-140 m layer (t = 5.8, p < 0.001, n = 16), whereas no significant difference was 

observed between April and May in the 60-100 m (t = 1.6, p = 0.1, n = 48). The lowest 

nutrient concentration (averaged from 0 to 140 m) was observed in July for all three 

nutrients (2.89 ± 0.78 μM for silicate, 0.33 ± 0.54 μM for nitrate and 0.11 ± 0.045 μM 

for phosphate).  
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Figure 3-7: Monthly variation of nutrients in three different depth layers: 0-60 m, 60-

100 m and 100-140 m for (a) silicate, (b) nitrate and (c) phosphate (μM) (mean ± 

standard deviation). Data range from 1982 until 2006, in an area covering longitude 

112°E-116°E and latitude 18°S-23°S (see Figure 3-2).  

 

The observed deepening of the MLD observed in autumn coincided with a 50 % 

increase in surface chlorophyll a in the waters off Ningaloo Reef (from 0.24 ± 0.024 µg 

chl a L-1 in May to 0.35 ± 0.019 µg chl a L-1 in June; Figure 3-8a, b). After June, the 

chlorophyll a concentration dropped to 0.29 ± 0.0083 µg chl a L-1, until October when a 

second peak (0.35 ± 0.025 µg chl a L-1) was observed. Over the period of study (from 

1998 to 2007), MLDs were significantly correlated with chlorophyll a concentration (r 

= 0.28, p = 0.002, n = 120 when not lagged and r = 0.30, p < 0.001, n = 119 
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when MLD was lagged by one month). The commencement of the phytoplankton 

bloom in May also lagged the peak nutrient concentrations by ~1 month. Monthly mean 

photosynthetic active radiation (PAR) at the surface ranged from ~60 mol photons m-2 d-

1 in summer to ~30 mol photons m-2 d-1 in winter (Figure 3-8c). The average PAR 

within the MLD (Figure 3-8d) started to decrease at the beginning of autumn (~7.9 mol 

photons m-2 d-1) and reached values <0.1 mol photons m-2 d-1 in winter.  

Using the Siegel et al. (2002) method, the compensation depth (Zc) varied between 

~20 m in winter to ~40 m in summer (Figure 3-8a). Between April and November, the 

MLD was always deeper than Zc. The only time of the year when the MLD was 

shallower than Zc was in summer. Using a compensation irradiance that only account 

for the phytoplankton respiration (derived from the literature, between 0.1 and 0.8 mol 

photons m-2 d-1), we can estimate the compensation depth at which the phytoplankton 

production will equal the losses due to phytoplankton respiration (Zc-Phyto). This 

parameter will be used in the discussion to assess the importance of grazing losses to the 

development of a phytoplankton bloom. The results show that Zc-Phyto has the same 

seasonal variation but is deeper (from ~30 m in winter to ~90 m in summer) than Zc.  
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Figure 3-8: Seasonal average (between 1998 and 2007) for (a) mixed layer depth (MLD 

in metres, continuous line), compensation depth (Zc in metres, dotted line) and Zc-Phyto 

(in metres, depth at which phytoplankton production equals phytoplankton respiration 

for Ic = 0.1 mol photons m-2 d-1
 (Zc-Phyto(lower)) and Ic = 0.8 mol photons m-2 d-1

, (Zc-

Phyto(upper)). Average over an area between 21.9ºS and 22.1ºS and between 113.5ºE and 

113.7ºE. (b) Monthly average of chlorophyll a concentration (µg chl a L-1) from 

SeaWiFS for the same area as (a). (c) Photosynthetic active radiation (PAR, in mol 

photons m-2 d-1) from SeaWiFS over an area covering 113.5°E to 113.7°E and 21.9°S to 

22.1°S. (d) PAR (mol photons m-2 d-1) within the MLD obtained by multiplying PAR 
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(from (c)) with MLD (from (a)) and the coincident (both spatial and temporal) 

extinction coefficient from SeaWiFS (k490). 

Vertical profiles of calibrated fluorescence (Figure 3-9) revealed a major difference 

between the spring and autumn season. In spring the fluorescence profile indicated the 

presence of a deep chlorophyll maximum (DCM) at ~70 m which is deeper than the 

compensation depth of 40 m previously calculated. In autumn however, a DCM is no 

longer observed and chlorophyll a is homogeneously distributed in the first ~60 m of 

the water column. The euphotic depth is shallower than the MLD in autumn (Zeu < 

MLD; Zeu between 80 and 130 m and MLD ~160 m) and the situation reverses in spring 

(Zeu > MLD; Zeu between 110 and 140 m and MLD ~70 m).  

 

Figure 3-9: Fluorescence profile (µg chl a L-1) for data point taken in the Ningaloo 

region (from 112°E to 114°E and from 21.5°S to 22.5°S) for (a) autumn (June 2007, 

SS200704) and (b) spring (November 2000, FR200010).The red line (-- --) represents 

the average MLD for all three profiles, the blue dash-dot line (- . -) is the euphotic depth 

calculated as 0.01 % of the surface irradiance and using the lowest extinction coefficient 

observed during that season, blue line (------) is the euphotic depth using the greatest 

extinction coefficient for the corresponding season. 
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3.4.3 Spatial variation of MLD and chlorophyll a concentration 

In an attempt to identify how the variation in MLD and chlorophyll a within the LC 

(region defined as in  Hanson et al. 2005b, approximately along the 200 m isobath) may 

differ from offshore waters (111°E, 200 to 300 km offshore, minimum depth of 3000 

m), an analysis of the spatial and monthly variation of MLDs and surface chlorophyll a 

(Figure 3-10) was conducted at a broader scale for year 2007 in a region from 22°S (off 

Ningaloo Reef) to 28°S (~650 km south of Ningaloo). The offshore regions showed 

very little increase in chlorophyll a concentrations in autumn (concentrations between 

0.07 and 0.23 µg chl a L-1, Figure 3-10) while the stations within the LC had 

chlorophyll a concentrations ranging between 0.1 and 0.45 µg chl a L-1. In autumn, a 

significant difference was observed between chlorophyll a concentrations within the LC 

and the chlorophyll a concentrations in offshore waters (t-test after log10 

transformation, p = 0.002). In the waters off Ningaloo Reef, chlorophyll a concentration 

increased from 0.2 to 0.4 µg chl a L-1 between May and June. By August the 

chlorophyll a concentration had dropped to ~0.26 µg chl a L-1 and a second peak was 

observed in September (~0.35 µg chl a L-1). This second peak was only observed at the 

station 100 km south of Ningaloo. South of this point, the increase of chlorophyll a 

concentrations was more gradual with time. The magnitude of the chlorophyll a peak 

resembled the one observed for MLD (i.e. the MLD and chlorophyll a concentrations 

varied over a wider range inshore than offshore). On an annual basis, MLDs varied over 

a greater range within the LC (between 20 and 160 m) than in offshore waters (between 

30 and 70 m). In autumn, a significant difference was observed between MLD within 

the LC and the MLD offshore (t-test after log10 transformation, p = 0.008). In spring, 

the MLDs in offshore waters were not significantly different than those within the LC 

(t-test after log10 transformation, p = 0.86). 
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Figure 3-10: Monthly average of chlorophyll a concentration (µg chl a L-1) and MLD (m) offshore of the LC and within the LC. The map on 

the right indicate the location of the areas used to calculate the monthly averaged chlorophyll a concentrations and MLDs ((1) offshore, (2) 

within the LC).
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3.5 Discussion  

In this study, we identified that the MLD was deepening in autumn and that this 

coincided with an increase in nutrients and surface chlorophyll a concentrations in the 

waters off Ningaloo Reef. The results suggest that the MLD deepening observed in 

autumn arises from a combination of surface cooling and increasing alongshore current 

speed. Putting the MLD variability in a larger spatial context (i.e. Figure 3-10) further 

highlights the role that net surface cooling and the strengthening LC play in the 

deepening of the MLD. The warm water transported southward by the LC in 

combination with the colder air temperatures in autumn result in greater negative heat 

fluxes than offshore where the water temperature is cooler. Any negative heat fluxes 

(surface cooling) would be expected to aid in eroding the thermocline via convective 

mixing (Price et al. 1986). These negative net heat fluxes in the Ningaloo region would 

contribute to a deeper MLD within the confines of the LC compared to regions 

observed further offshore. 

Ten years of surface chlorophyll a data from SeaWiFS were compared with MLDs 

estimated from the Bluelink reanalysis model. The comparison of these variables 

revealed a similarity in phase on a seasonal timescale. For a bloom to develop, the 

appropriate level of nutrient concentration, light and low grazing pressure must be 

present. Hereafter, we assess the potential of each of these factors to influence the 

phytoplankton dynamics in the waters off Ningaloo Reef. 

3.5.1 Effect of nutrient on the autumn bloom 

In the Ningaloo region, the seasonal deepening of the MLD was associated with an 

increase in dissolved nutrient concentrations throughout the 60-140 m layer. Turbulent 

mixing that entrains water across the pycnocline can entrain nutrient rich water and 
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fertilize the surface MLD. That the MLDs within the LC are much deeper than offshore, 

and that chlorophyll a concentrations show the same spatial and temporal pattern, 

reinforces the hypothesis that the MLD plays an important role in driving the temporal 

variability of nutrient concentrations in the euphotic zone. Simulated vertical mixing 

using a 1D numerical model (Greenwood & Soetaert 2008) showed that off WA, 

vertical mixing is lower during summer and greatest during autumn and winter and is 

consistent with net surface heat fluxes. This model suggested that it is the enhanced 

vertical mixing observed in winter that recharges the upper mixed layer with nitrogen 

from the layers below and can explain some of the increase in surface chlorophyll a 

concentration observed at the end of the autumn season. This situation is similar to what 

has been observed in the Atlantic Ocean. In the subtropical region of the Atlantic 

Ocean, light is not limiting in the surface mixing layer and the chlorophyll a 

concentration peak occurs at the same time or slightly earlier than the maximum MLD. 

The subtropical autumn bloom in the Atlantic Ocean has been identified as an 

entrainment bloom (Steinberg et al. 2001) initiated by a deepening of the MLD which 

reaches depths that are deep enough to erode the nutricline, and therefore drive a 

convective supply of nutrients (Lévy et al. 2005).  

Another mechanism that can replenish the surface water with nutrients is horizontal 

advection (that is, nutrients coming from an upstream source). The limited data 

available in this region does not allow a rigorous analysis of the spatial variation of 

nutrient concentrations; hence this mechanism cannot be fully assessed. However, 

considering the spatial extent of the autumn bloom off WA (~2000 km long, Moore et 

al. 2007) there must be another source of nutrients than horizontal advection to sustain 

the similar chlorophyll a concentration that are observed all the way down the WA coast 

(~2000 km long). It is unlikely that the advection of surface nutrients would be solely 

responsible for the generation of elevated surface chlorophyll a concentration 
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over such a long distance since they would be rapidly taken up by phytoplankton. The 

correlation coefficient between MLD and chlorophyll concentration, although 

significant, was not large (r = 0.3). This may suggest that other processes such as run-

off may deliver nutrient to the surface waters. Run-off is known to be negligible in the 

waters off Western Australia but occurs in the Kimberley area. We conclude that 

although run-off may influence the nutrient concentration in the surface waters in the 

region off Ningaloo Reef, it cannot explain the extent over which the phytoplankton 

bloom is observed (~2000 km). A low correlation coefficient may also be the result of 

the large spatial and temporal scale over which the analysis was conducted and the time 

lags of process correlation. 

3.5.2 Effect of light availability on the autumn bloom 

Another factor to consider in the development of a bloom is the rate of mixing 

within the MLD. Nutrients can be replenished in the surface waters via vertical mixing. 

However, if the deepening occurs too rapidly it can hinder phytoplankton growth 

because of low light levels. Deep mixed layers may not allow enough irradiance for net 

phytoplankton growth when they are mixed over great depth. In shallow mixed layers, 

on the other hand, nutrients are depleted more quickly than they can be replenished by 

mixing, and productivity subsequently declines. Sverdrup’s model was initially 

developed for the development of a vernal bloom (Sverdrup 1953). The vernal bloom is 

a light-limited system in theory, and occurs in spring in practise. The autumn bloom is a 

nutrient-limited system in theory and occurs at the end of the summer stratification 

period. The Sverdrup model therefore could only be invoked where light limits growth 

rates. In the waters off Ningaloo Reef, light would not be expected to be the first 

limiting factor in autumn. In the waters off Ningaloo Reef, we have shown that nutrient 

concentrations increased in autumn and coincided with increasing chlorophyll a 
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concentrations, however, one question remains: how can we explain the development of 

a bloom despite the MLD being deeper than the critical depth?  

The upper mixed layer must be less than the critical depth for a net increase in 

phytoplankton to occur. Seasonal shallowing of the thermocline, in combination with 

increasing solar radiation has been shown to trigger the development of spring bloom 

(Dutkiewicz et al. 2001). However, in the Ningaloo region, the MLD between April and 

November was always deeper than the Zcr. Blooms that develop when the MLD is 

deeper than Zcr have been observed in the Atlantic and have been the subject of several 

modelling studies. Using a modelling approach, Findlay et al. (2006) discussed the 

importance of mixing rates to the development of a autumn bloom. They demonstrated 

that for a bloom to develop, the increase in nutrient concentrations in the upper layer 

needs to be rapid during the first few days of the forcing period. On the other hand, if 

the mixing rate is too fast, phytoplankton can be moved to depths with low levels of 

light before they can grow and utilize the nutrients. Using field data, Huisman et al 

(1999) identified some inconsistent observations of spring blooms in the absence of 

vertical stratification (Townsend et al. 1992, Eilertsen et al. 1995). They developed a 

turbulent diffusion model (governed by light-limited growth, local phytoplankton losses 

and local transport of phytoplankton by turbulence mixing). This model distinguished 

two different mechanisms for the establishment of the phytoplankton bloom: (1) the 

Sverdrup model where the MLD needs to be shallower than Zcr and (2) a critical 

turbulence below which phytoplankton growth rates exceed the vertical mixing rates 

and a bloom develops irrespective of the depth of the mixed layer.  

In an effort to explain the presence of a autumn bloom when the MLD was deeper 

than Zcr, Dutkiewicz et al. (2001) developed a simple two-layer light- and nutrient-

limited ecological model to examine the variability of chlorophyll a concentrations as a 
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response to physical changes in the Atlantic Ocean. By using the ratio of Zcr to the MLD 

they distinguished subtropical environments where this ratio is ~1 and the subpolar 

regions where this ratio is much smaller (~0.2). For Ningaloo, in autumn, this ratio is 

close to the ratio observed by Dutkiewicz et al. (2001) in the subpolar region (for MLD 

~120 m and Zc ~40 m, the ratio is 0.3). Similarly to Huisman et al. (1999) and Findlay et 

al. (2006), they demonstrated that in the subpolar regions of the Atlantic Ocean low 

mixing rates allow phytoplankton concentration to increase, but at higher rates the 

phytoplankton concentrations decrease since there is insufficient light for growth. To 

sustain the phytoplankton concentration observed in autumn and winter in the Ningaloo 

region (~0.5 µg chl a L-1), this model suggests that the mixing rates should be low 

(between ~0.1 and 1.1 d-1). If the mixing is higher than this value we suggest that the 

mixing may not be homogeneous within the MLD, that is, there is a surface layer 

(mixing layer) where the phytoplankton is mixed and in which most phytoplankton cells 

are kept. The fluorescence profiles (Figure 3-9) suggest that this may be the case: the 

fluorescence concentration is homogeneous in the first ~40 m of the water column and 

decreases linearly after this depth until ~200 m. At this time of the year (June), the Zcr is 

~45 m and this would mean that the light is not limiting within the mixing layer.  

3.5.3 Effect of grazing on the autumn bloom 

Another factor that can regulate the development of a bloom is loss due to grazing. 

Recently Behrenfeld (2010) suggested that, as the MLD deepens, the grazers become 

diluted, lowering grazing losses below a critical value such that as long as nutrients are 

non-limiting a bloom can develop. In the Ningaloo region, the decrease of surface 

chlorophyll a after the winter peak (between July and October) could be the result of 

increasing grazing mortality. It is likely that in a period of one month (between June and 

July), the grazers will have responded to the increasing phytoplankton concentration by 
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increasing their density (note that with monthly resolution of this study, the response of 

grazers to increasing chlorophyll a concentration is likely to be more rapid than this). 

Findlay et al. (2006) use a simple mixed layer depth model to show that grazers can 

respond faster to inputs of phytoplankton when they are more abundant, and that the 

presence of grazers during a winter bloom will lead to a decreasing likelihood of 

nutrients becoming depleted in summer since the phytoplankton is maintained at low 

concentration throughout the winter. In the Ningaloo region, the deepening of the MLD 

in autumn and winter strongly coincides with an abrupt increase in surface chlorophyll a 

concentration. According to Findlay et al.’s model (2006), the presence of a sharp 

increase in chlorophyll a concentration, such as the one observed at Ningaloo, is 

indicative that the nutrient concentration was limiting before the bloom development 

and that the grazer density was relatively low when the bloom initially developed. A 

month later, after the development of the autumn bloom, the chlorophyll a 

concentration stabilizes at around half of the concentration reached in June. We 

hypothesize that this could be due to the response of grazers to the increasing 

phytoplankton concentration combined with a lower input of nutrients from below. The 

bloom observed during autumn suggests that the critical depth must be deep enough 

(close to the MLD or deeper) to allow net phytoplankton growth. This can be achieved 

by either: (1) having low grazing pressure (Zcr based on community-based 

compensation irradiance is shallower than the Zcr-Phyto) and/or (2) by the presence of 

small phytoplankton (phytoplankton-based compensation irradiance is smaller, 

therefore deeper Zcr, for small cells as it is derived from the difference in respiratory 

needs in different phytoplankton groups). 
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3.5.4 Importance of the temporal variability in chlorophyll a concentration to reef 
communities and higher trophic levels 

Wyatt et al. (2010) demonstrated the importance of ocean phytoplankton fluxes to 

the nutrient budget of shallow benthic communities living within Ningaloo Reef, 

delivered from the ocean to the reef by wave-driven currents. Our results highlight the 

potential importance of regional currents on the temporal variation of bio-chemical 

parameters found adjacent to the reef. A significant difference in the vertical structure of 

phytoplankton was observed between spring and autumn months. Little literature is 

available on how the vertical structure of phytoplankton may impact the amount of 

phytoplankton actually delivered to shallow reefs. However, when the phytoplankton 

are homogeneously distributed within the mixed layer, it is likely that wave-driven 

transport will move phytoplankton across the reef top more efficiently than if the 

phytoplankton were concentrated at 70 m deep as a DCM. During spring and summer, 

internal waves and/or wind-driven upwelling would be needed to lift the thermocline 

and allow a portion of the chlorophyll a contained in the DCM to reach the front of the 

reef. This suggests that the seasonal variation in chlorophyll a concentration and its 

vertical structure will impact the delivery of particulate matter to the reef. 

Ningaloo Reef is one of the few regions in the world where whale sharks 

congregate regularly. Each year, between March and June, whale sharks can be 

observed in large numbers close to the shore along Ningaloo Reef. Whale sharks have 

been reported to vary depending on the El Niño Southern Oscillation (ENSO) 

conditions. Wilson et al. (2001) suggested that the mechanisms controlling the 

aggregation of whale sharks may not be a simple result of the LC strength and/or coastal 

temperature. They suggested that the warmer water may also provide higher 

concentration of whale shark’s food. It is thought that these aggregations of 

zooplanktivorous elasmobranchs are related to either a seasonal peak in zooplankton 
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abundance (Taylor 1994) or behavioural changes in prey (schooling) that enhances their 

feeding (Wilson et al. 2001). The available evidence suggests that they aggregate off 

Ningaloo Reef to exploit a seasonal and localised abundance of food (Taylor 1994). The 

increasing chlorophyll a concentration may lead to increasing zooplankton 

concentration which may explain the congregation period of whale sharks between 

March and June.  

Finally, the deepening of the MLD is likely to respond very differently to El Niño 

and La Niña events. We identified the alongshore transport as a factor contributing to 

the MLD deepening in the waters off Ningaloo Reef. Under El Niño conditions, the LC 

transport is smaller (Feng et al. 2003) and is therefore likely to result in a shallower 

MLD in autumn. Under these conditions, nutrient concentrations will be lower during 

El Niño events and may therefore result in lower phytoplankton concentrations than 

during La Niña events. In Appendix C, we present annual averages of chlorophyll a 

concentrations and MLD for the year between 1998 and 2007. We show that, although 

not significant, MLDs tend to be deeper when the SOI was positive (La Niña) thus 

supporting the hypothesis that during La Niña years the MLDs are deeper and therefore 

we can expect nutrient concentrations to be greater which would in turn lead to greater 

phytoplankton concentrations during La Niña events compared to El Niño events. The 

analysis of the effect that climate variability may have on physical and biological 

properties is somewhat complicated by the delay that can be expected between a change 

in SOI and the effect this may have on the physical and biological properties. In this 

case, the use of a lagged correlation may seem appropriate. However, using monthly 

values instead of annual averages in order to do a lagged correlation also increases the 

number of observations (n) which can lead to type I error (falsely detecting a trend 

when one does not exist). We can therefore choose to either use monthly averages with 

a lagged correlation (risk of type 1 error) or use annual averages and have a risk 
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of type 2 errors (not detecting a trend when one exists). We have chosen the latter and 

therefore we can only be confident that, although not significant, the trend we observed 

between SOI and MLD appears to be a good indication that the MLD tended to be 

deeper when the SOI was more positive. A good example of the effect this choice may 

have on the data analysis is for year 1998. The beginning of 1998 was characterised by 

some of the most negative SOI observed during the last decade (El Niño conditions), 

then by May-June, the SOI became positive. So if one would expect to see some effect 

of climate variability on the physical and biological conditions, these would be 

smoothed out by the annual averages. 

3.6 Conclusions 

A combination of field data, synoptic satellite observations, and numerical model 

output was used to investigate the mechanisms driving the surface chlorophyll a 

variability in the waters off Ningaloo Reef. The significant MLD deepening observed in 

autumn arises from a combination of surface cooling and the acceleration of the LC. 

The relationship between the MLD and chlorophyll a concentration strongly suggests 

that the MLD variation is a crucial factor in replenishing surface water with nutrients 

via vertical mixing which in turn allows an autumn phytoplankton bloom to develop. 

The sharp increase in chlorophyll a concentration after the initial MLD deepening 

observed in autumn supports the previously acknowledged nutrient limitation of the LC 

waters and reinforces that it is the MLD deepening that supplies nutrient to the euphotic 

zone in autumn. One limitation of the method concerns the interpretation of the mixed 

layer depth pattern, in the sense that mixed layer deepening can either lead to increased 

or decreased phytoplankton biomass, but for different reasons: convective nutrient 

supply, dilution acting as irradiance limitation, and dilution acting as an escape from 

grazing.  
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Information about the phytoplankton diversity, grazing pressure and nutrient 

concentration, especially from in situ field observations, should confirm the processes 

driving the autumn bloom in this region. The improvement of satellite sensors and the 

type of data that these can generate will allow a broader spatial and temporal 

examination of the conditions present off the WA coast. Finally, this study highlights 

the need for more sophisticated biogeochemical models for the WA coast. The 

relationships between surface chlorophyll a concentration and MLD that emerged from 

this work should help guide the development of such models.  

Appendices related to this chapter: 

Appendix B: Comparison of satellite-derived surface chlorophyll a concentrations 

with in situ profiles. In this Appendix we show that the chlorophyll a estimated from 

SeaWiFS are consistent with in situ data. 

Appendix C: In this Appendix, we present annual averages of chlorophyll a 

concentrations and MLDs for the year between 1998 and 2007.  
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Chapter 4  
Contrasting oceanographic conditions determine 

phytoplankton composition and size structure off a coastal reef 

4.1 Abstract 

In the waters off Ningaloo Reef (Western Australia), size-fractionated chlorophyll a 

concentrations, phytoplankton community composition and nutrient uptake rates were 

observed repeatedly along a 14 km long transect in autumn (May) and spring 

(November). In autumn, the mixed layer depths (MLDs) were deeper and the 

concentrations of large-sized phytoplankton within the surface mixed layer were greater 

(~22 %) than in spring (<10 %). In both autumn and spring, nitrogen cycling was 

dominated by ammonium uptake, with nitrate uptake in autumn (f-ratio ~0.3) greater 

than has previously been reported during the spring season (f-ratio~0.1, Hanson et al. 

2007b). The dominant taxon during both seasons was Synechococcus sp. (40 to 60 % of 

the total phytoplankton community). Diatoms were 2 to 6 times more abundant in 

autumn than in spring, while heterotrophic dinoflagellates were 4 to 5 times more 

abundant in spring than in autumn. We propose a conceptual model to describe the 

impact of seasonal changes in physical processes on phytoplankton dynamics in the 

waters off Ningaloo Reef. In autumn when the MLDs are deep, enhanced nitrate 

concentrations combined with variable light conditions (due to enhanced vertical 

mixing) would enhance the growth of large cells. In spring, the shallower MLDs 
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would promote the growth of small phytoplankton cells such as cyanobacteria and 

heterotrophic dinoflagellates. Using a simple particle dispersion model we discuss how 

the seasonal variation in hydrodynamic conditions will impact the quantity of 

particulate matter delivered to the reef. 

4.2 Introduction 

Off Western Australia (WA), the dominant ocean current is the Leeuwin Current 

(LC) (Godfrey & Ridgway 1985, Smith et al. 1991). The strength of the LC is highly 

seasonal, and its transport has been observed to be greatest during the austral autumn 

and winter when the southerly winds are weakest (Smith et al. 1991, Feng et al. 2003). 

Ningaloo Reef is a prominent feature of the north west WA coast, and is Australia’s 

largest fringing coral reef system (~260 km long) (Taylor & Pearce 1999). Growing 

evidence suggests that tropical coral reef systems rely heavily on offshore particulate 

nutrient sources, to sustain their high rates of benthic production (Yahel et al. 1998, 

Fabricius & Dommisse 2000, Houlbreque et al. 2006). The lack of coastal runoff, and 

the narrow nature of the shelf at Ningaloo Reef, means that this reef is almost solely 

dependent on offshore source of nutrients and phytoplankton for heterotrophic nutrition 

and subsequent reef biogeochemical processes (Wyatt et al. 2010). Yet very little is 

known about the seasonal variation of nutrient and phytoplankton concentrations 

present in the waters off Ningaloo Reef.  

There is also a direct link between the strength of the Leeuwin Current and the 

recruitment of various fish and invertebrate species in pelagic waters (Caputi et al. 

1996). The mechanisms behind the relationship between the Leeuwin Current flow and 

the recruitment strength are not directly related to advective features of the Leeuwin 

Current (Caputi et al. 2001), indicating that variation in levels of primary production 

may be a major factor (Griffin et al. 2001). There is presently a lack of understanding of 
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the interactions between physical and biological processes off WA. This understanding 

is needed to assess the factors driving the seasonal variation in the abundance of several 

fish and invertebrate species off WA (e.g. western rock lobster, whitebait, pilchard, 

scallops; see Caputi et al. 1996). 

A large body of literature has investigated links between hydrodynamic conditions 

and phytoplankton size distributions (Malone 1980a, Platt & Silvert 1981, Legendre & 

LeFevre 1991). When vertical mixing occurs, nutrient concentrations in the euphotic 

layer increase and phytoplankton can be transported down to depths of low irradiances. 

Vertical mixing generally results in an increase in the concentration of large-sized 

phytoplankton (e.g. Margalef 1978). The size structure of phytoplankton will in turn 

largely determine the pathways of biogenic carbon through the food-web (Legendre & 

LeFevre 1991). When large phytoplankton are typically favoured, the transfer of 

organic matter to herbivores is likely to be enhanced (Legendre & Rassoulzadegan 

1995).  

Phytoplankton populations in most temperate and sub-polar oceanic regions 

undergo strong seasonal cycles, with prominent blooms occurring particularly in spring 

but also to a lesser extent in autumn. Spring blooms have been studied for many 

decades (e.g. Sverdrup 1953, Dutkiewicz et al. 2001). Spring blooms are caused by 

vertical stratification of the water column after the replenishment of nutrients by 

convectional mixing over the winter months. By contrast, autumn blooms are less well 

studied, and are believed to occur as a result of increasing nutrient concentrations in 

surface waters. Meanwhile, light levels must remain high enough so as not to limit 

photosynthesis. The increasing vertical mixing can also have negative consequences on 

phytoplankton growth since it mixes them to a greater depth and thus decreases the light 

levels they experience. In Chapter 3, we focused on the mechanisms driving the 
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phytoplankton dynamics over a spatial scale of several hundreds of kilometres. We 

showed that the deepening of the MLD in autumn was associated with increasing 

nutrient and chlorophyll a concentrations in surface waters. It would be expected that 

under vertically mixed conditions, when nutrient concentrations increase and light 

available to phytoplankton varies, the growth of larger phytoplankton would be 

enhanced (Margalef 1978, Malone 1980a, Cushing 1989). Prior to this research, 

however, no measurements of phytoplankton size structure, nutrient uptake rates or 

primary production rates had been made in the waters off Ningaloo Reef during the 

autumn or winter.  

A couple of studies (Furnas 2007, Hanson et al. 2007b) have provided information 

on the phytoplankton community during the spring and summer season. In spring in the 

waters offshore of Ningaloo Reef, Hanson et al. (2005b) observed the presence of a 

deep chlorophyll maxima (DCM) dominated by small phytoplankton <5 µm in size 

(between 55 and 65 % of total phytoplankton community). Regenerated nitrogen 

accounted for more than 80 % of their total nitrogen uptake. These data have provided a 

first estimate of the phytoplankton community present in spring. 

The present study aims at identifying the seasonal variation in physical conditions, 

phytoplankton size structure and community composition in the waters off Ningaloo 

Reef. We developed a conceptual model of the seasonal variation in hydrodynamic 

conditions and phytoplankton composition in the waters off Ningaloo Reef (Figure 

4-1a). As a result of the deepening of the MLD in autumn observed in Chapter 3, we 

hypothesized that the enhanced nitrate concentration combined with variable light 

conditions (due to enhanced vertical mixing) would promote the growth of large 

phytoplankton cells off Ningaloo Reef during autumn. Conversely in spring, we 

hypothesized that the shallower MLD combined with the previously observed DCM off 
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Ningaloo (Hanson et al. 2005b) would make the surface waters nutrient limited, which 

would promote the growth of relatively small phytoplankton. We found that the 

physico-chemical conditions were more favourable to the existence of large 

phytoplankton in autumn (when the MLD was deep) than in spring. Using a simple, 

particle dispersion model, we investigate how these seasonal changes are likely to 

impact the quantity of particulate matter delivered to the reef. 

4.3 Materials and methods 

4.3.1 Study site 

Field sampling was conducted off Sandy Bay (Figure 4-2, 22.23°S, 113.84°E) in 

2008, during late-May (May 29, 30 and 31) (hereafter referred to as ‘autumn’) and 

November (November 10, 11, 12, 14 and 16) (hereafter referred to as ‘spring’). 

Historical monthly averaged (region from 113°E to 114°E and 22°S to 23°S) 

chlorophyll a concentrations derived from satellite-derived ocean colour for the waters 

off Ningaloo Reef (Figure 4-1b) show that chlorophyll a concentrations are significantly 

greater in winter (from 1st June until 31st August) than in summer (1st December until 

end of February) (t = 2.83, p = 0.008, 34 df). Seven stations along the same ~14 km 

transect were sampled daily during each field trip (Figure 4-2b). The location of these 

stations was chosen to sample across the LC waters and within the coastal waters where 

a northward flow (typically ~1 to 10 km in width) has been observed in spring in 

previous studies (Taylor & Pearce 1999, Woo et al. 2006a). Station A was closest to the 

reef and station G was furthest offshore.  
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Figure 4-1: Conceptual approach providing the working hypothesis for this study. (a) 

The deepening of the MLD (bold line) generally corresponds to increasing nitrate 

concentration which in turn leads to large-sized phytoplankton. In spring the MLD 

becomes shallower, nutrients become limiting and the phytoplankton is dominated by 

small phytoplankton (<5 µm). (b) Monthly average chlorophyll a concentration ± 

standard error derived from MODIS 4 km (region from 113°E to 114°E and 22°S to 

23°S) off the coast of Ningaloo Reef. Monthly-averages are based on years between 

2002 and 2008. The dot line indicates the period of sampling (end of May 2008 and 

mid-November 2008). 
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Figure 4-2: (a) Map of Western Australia showing the location of the study area (b) 

Inset of (a) showing the location of the seven sampling stations (A - G) off Sandy Bay, 

Ningaloo Reef and the station R over the shallow reef flat. 

 

4.3.2 Physico-chemical data 

Temperature, salinity and fluorescence data were acquired with a Seabird 19plus 

conductivity, temperature and depth (CTD) profiler equipped with a Wetlab Wetstar 

(May 2008) and a Chelsea Mini (November 2008) fluorometer. We defined the MLD as 

the minimum depth at which either of the following criteria was satisfied: temperature < 

temperature (10 m) – 0.4°C or salinity > salinity (10 m) + 0.03 (e.g. Condie & Dunn 

2006). The temperature criterion was chosen to best equate the calculated MLDs with 

mixing depths obtained from direct turbulence measurements in Australasian waters 

(Condie & Dunn 2006), while the salinity criterion was chosen to eliminate the 

possibility of compensating temperature and salinity gradients being interpreted as a 

well-mixed density layer. 

Water samples were collected using 6 × 10 L Niskin bottles in May 2008 and 6 × 5 

L Niskin bottles in November 2008, mounted on a rosette integrated with the 
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CTD profiler. Samples for dissolved inorganic nutrients (nitrate+nitrite, silicate, 

phosphate and ammonium) were filtered (0.45 µm), frozen and analysed using Quick-

Chem methods on a flow injection LACHAT instrument as per the following protocols: 

for nitrate+nitrite (hereafter referred to as nitrate), Quick-Chem Method 31-107-04-1-A 

(detection limit ~0.05 µM), for silicate, Quick-Chem Method 31-114-27-1-D (detection 

limit ~0.05 µM), for phosphate, Quick-Chem Method 31-115-01-1-G (detection limit 

~0.05 µM) and for ammonium, using the method of Watson et al. (2005) (detection 

limit ~ 0.01 μM). 

Meteorological conditions during the study periods (air temperature, wind speed 

and direction) were recorded from an Australian Institute of Marine Science weather 

station located roughly 20 km north of Sandy Bay (data available at 

http://data.aims.gov.au). Wind stress was estimated from wind speeds using surface 

drag coefficients from Large and Pond (1981). 

A Nortek AWAC acoustic Doppler current profiler measured alongshore current 

variability and bottom temperature on the ∼20 m isobath off Sandy Bay (Figure 4-2). 

Hourly temperature variability recorded by the AWAC was used to assess bottom 

temperature variability during the experiments. Hourly east north current vectors were 

rotated into the alongshore (v) and cross-shore (u) directions based on the major and 

minor axes obtained from a principal component analysis of the depth-averaged currents 

(Emery & Thomson 2001). An average wind-driven upwelling velocity (wu) was also 

estimated for the study periods as (e.g. Roughan & Middleton 2002): 

oi  
u Rf

w
 ρ
τ y

=  (4) 

where τy is the alongshore component of the wind stress, ρ is the mean ocean density of 

the surface mixed layer, f is the local value of the Coriolis parameter and Roi is the 

http://data.aims.gov.au/�
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baroclinic radius of deformation. The Rossby baroclinic radius of deformation is 

defined as fNRoi MLD= , where N is the vertically averaged buoyancy frequency 

and MLD is the mixed layer depth. Based on observed parameter values during the two 

studies, values of Roi ranged from 4 km (spring) to 5 km (autumn). 

4.3.3 Phytoplankton abundance and diversity 

In situ fluorescence (hereafter referred to as ‘fluorescence’) was calibrated using 

extracted chlorophyll a (Parsons et al. 1984) (autumn: r2 = 0.75, n = 69, p < 0.001, 

spring: r2 = 0.51, n = 174, p < 0.001). Duplicate 1 L samples from each station and 

across each transect were filtered onto 47 mm Whatman GF/F filters (nominal pore size 

~0.7 µm), stored frozen until overnight extraction in 90 % acetone and analysed 

fluorometrically (Turner Designs T700) for total chlorophyll a. Samples were acidified 

with 10 % HCl to correct for phaeopigments, and chlorophyll a concentrations were 

calculated according to Parsons et al. (1984). For analysis of the >5 µm fraction, 

duplicate 2 L samples of seawater were filtered on a 5 µm Nitex mesh and analysed as 

above.  

Phytoplankton diversity was assessed using 500 mL seawater samples collected on 

two consecutive days in May (May 30 and 31) and one day in November 2008 

(November 14) and preserved in 1 % Lugol’s solution. The method described by 

Utermöhl (1958) was used to settle the samples and a minimum of 300 individuals cells 

were counted from each sample. The samples were enumerated using the method 

described in Lund (1958). 

Phytoplankton diversity was also assessed using high performance liquid 

chromatography (HPLC) in both May (May 30 and 31) and November 2008 (November 

10 and 14). Water samples (2 L) were filtered onto GF/F filters and stored in the dark at 
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-180°C prior to analysis. Pigment samples were analysed using the method described in 

Thompson et al. (2007). Pigment concentrations from all samples were processed 

separately, with the CHEMTAX software (Mackey et al. 1996) and using an input ratio 

matrix derived from published literature (Table 4-1) (Mackey et al. 1996, Lewitus et al. 

2005, Higgins et al. 2006, Latasa 2007).  

Diadionoxanthin (DD) and diatoxanthin (DT), which are two pigments known for 

their very fast rates of photoacclimatation (Lavaud et al. 2004), were used here to 

estimate the rate of vertical mixing (Thompson et al. 2007). The ratio of DD to DT was 

calculated for both the surface and the DCM and was normalised to total chlorophyll a 

(Tchla). These ratios were calculated for samples collected on May 30, 31 and 

November 14 (days when HPLC samples were collected both at the surface and at the 

DCM). The time (T) required for the particles to mix throughout the DCM was 

estimated as in Thompson et al. (2007):  
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where k is the first-order rate constant for the photoacclimation parameter of interest. A 

k of 0.5 h-1 was adopted from the literature (Claustre et al. 1994, Moline 1998, Brunet et 

al. 2003). In equation (5), Rt is the (DD+DT)/Tchla ratio at the DCM, R0 is the same 

parameter at the surface and R∞ is the value the ratio would have after an infinite time of 

photoacclimatation. The lowest value of (DD+DT)/Tchla ratio obtained was used for 

R∞.  
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Table 4-1: Initial pigment ratios for the nine principal phytoplankton groups used in CHEMTAX for (a) the surface waters and (b) the 

DCM. 

(a) Initial pigment ratios (surface) 
Class / Pigment peri but fuco neo pras viol hex DD allo lutein zea DVchlb chlb Dvchla chla 

Prasinophytes 0.000 0.000 0.000 0.131 0.268 0.074 0.000 0.000 0.000 0.035 0.000 0.000 0.606 0.000 1.000 
Dinoflagellates 0.796 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 
Cryptophytes 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.304 0.000 0.000 0.000 0.000 0.000 1.000 
Haptophytes 
(prymn) 0.000 0.000 0.000 0.000 0.000 0.000 0.608 0.113 0.000 0.000 0.000 0.000 0.000 0.000 1.000 
Pelagophytes 0.000 0.716 0.588 0.000 0.000 0.000 0.000 0.185 0.000 0.000 0.000 0.000 0.000 0.000 1.000 
Prochlorophytes 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.320 0.100 0.000 1.000 1.000 
Synechococcus 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.418 0.000 0.000 0.000 1.000 
Diatoms 0.000 0.000 0.840 0.000 0.000 0.000 0.000 0.144 0.000 0.000 0.000 0.000 0.000 0.000 1.000 

 
(b) Initial pigment ratios (DCM) 

Class / Pigment peri but fuco neo pras viol hex DD allo lutein zea DVchlb chlb Dvchla chla 

Prasinophytes 0.000 0.000 0.000 0.131 0.268 0.074 0.000 0.000 0.000 0.035 0.000 0.000 0.606 0.000 1.000 
Dinoflagellates 0.796 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 
Cryptophytes 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.304 0.000 0.000 0.000 0.000 0.000 1.000 
Haptophytes 
(prymn) 0.000 0.000 0.000 0.000 0.000 0.000 0.608 0.113 0.000 0.000 0.000 0.000 0.000 0.000 1.000 
Pelagophytes 0.000 0.716 0.588 0.000 0.000 0.000 0.000 0.185 0.000 0.000 0.000 0.000 0.000 0.000 1.000 
Prochlorophytes 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.160 0.100 0.000 1.000 1.000 
Synechococcus 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.209 0.000 0.000 0.000 1.000 
Diatoms 0.000 0.000 0.840 0.000 0.000 0.000 0.000 0.144 0.000 0.000 0.000 0.000 0.000 0.000 1.000 

Pigment abbreviations: perid, peridinin; but, 19’-butanoyloxyfucoxanthin; fuco, fucoxanthin; neo, neoxanthin; pras, prasinoxanthin; viol, 
violaxanthin; hex, 19’-hexanoyloxyfucoxanthin; DD, diadinoxanthin; allo, alloxanthin; lutein, lutein; zea, zeaxanthin; DVchlb, divinyl 
chlorophyll b; chlb, chlorophlyll b; Dvchla, divinyl chlorophyll a; chla, chlorophyll a. 
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Duplicate 1 mL samples were collected each sampling day in May and November 

2008 and used to determine abundances of photosynthetic picoplankton (cells between 

0.2 and 2 µm). Samples were fixed in glutaraldehyde (0.5 % final concentration) for 10 

minutes in the dark, flash frozen and stored in liquid nitrogen until analysis (within 3 

months of collection). Samples were thawed at 37°C, 1 µm fluorescent beads 

(Invitrogen) added as an internal standard and samples analysed using a FACSCANTO 

II flow cytometer (Becton Dickinson) on high throughput mode at a flow rate of 60 µL 

min-1 for 2 minutes. Data analysis was performed using Cytowin freeware (Vaulot 

1989, available through  http://www.sb-roscoff.fr/Phyto/cyto.html ).  

4.3.4 Nitrogen uptake 

In autumn (May 31), nitrogen uptake experiments (both nitrate and ammonium) 

were conducted at stations A, B, D and G (Figure 4-2). In spring (November 15), 

nitrogen uptake experiments (using only ammonium) were conducted at station A and 

F. Uptake rates of 15N labelled nitrate (in May) and ammonium (in May and November) 

were measured in unfiltered surface seawater samples. Duplicate 1 L samples were 

collected in acid-washed polycarbonate bottles and incubated in situ on a mooring 

located ~50 m off the shore ~20 km north of Sandy Bay. In situ nitrate and ammonium 

concentrations were unknown at the time of incubation. Experiments were initiated by 

adding 0.1 μM of 15NH4Cl, 0.2 μM K15NO3 and 0.4 μM of NaH13CO3 and incubated. 

Additions of ammonium resulted in 36 % to 95 % enrichment. However, the amount 

added (0.2 μM) for nitrate (experiments only conducted in May 2008) was largely in 

excess of in situ nitrate concentrations (between 0.05 and 0.06 µM). As such, nitrate 

uptake rates reported here are considered as enhanced uptake rates and not in situ uptake 

rates. 
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Incubations were terminated after 4 to 6 hours of incubation by filtration onto pre-

combusted (500°C, 12 h) 25 mm Whatman GF/F filters (Twomey et al. 2007). 

Duplicate 4 L seawater samples were collected at the same time as the water for the 

nutrient uptake experiments to estimate natural abundance of δ15N and δ13C, particulate 

organic nitrogen and particulate organic carbon. Filters were combusted by elemental 

analyser (ANCA-GSL, Europa, Crewe, United Kingdom) to N2 and CO2. The N2 and 

CO2 was purified by gas chromatography and the nitrogen and carbon elemental 

composition and isotope ratios were determined by continuous flow isotope ratio mass 

spectrometry (20-20 IRMS, Europa, Crewe, United Kingdom).  

Specific uptake rates (µmol L-1 h-1) were calculated according to Dugdale and 

Goering (1967):  

tN
PNN

enr

txs

*
*Uptake 15

15

=  (6) 

where t is the incubation time in hours, PNt is particulate nitrogen content of sample 

following incubation (μmol L-1), and 15Nxs is excess atom% 15N calculated as 

napostxs NNN 151515 −= , in which 15Npost is the 15N concentration measured following 

incubation and 15Nna is the natural abundance of natural abundance of 15N. Here 15Nenr is 

the atom% 15N enrichment found in the dissolved fraction, defined as 

na
enr NN 151415

1515

NN
N

−+
= )( , where 15N is the concentration of added labelled 

nitrogen (μmol L-1), 14N is the concentration of added unlabelled nitrogen (μmol L-1), 

and 15Nna is the natural abundance concentration of 15N. The proportion of total primary 

production based on new (nitrate) versus regenerated production (ammonium) nitrogen 

was estimated using the f-ratio of Eppley and Peterson (1979): 
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where ρ represents the nitrogen uptake as measured using the 15N incubation technique 

(Dugdale & Goering 1967).  

4.3.5 Statistics 

Linear regressions were used to investigate cross-shelf gradients in different 

physico-chemical parameters (distance from the reef was used as the independent 

variable and the measured parameter as the dependant variable). All averages are 

presented as mean ± standard error unless otherwise indicated. Statistical analyses were 

performed using SigmaPlot 11.0 (Systat Software Inc) and R (http://www.r-

project.org/). Data were log-transformed when necessary to achieve a normal 

distribution. To identify any relationships between nitrate and ammonium 

concentrations with season, station and depth, a series of gaussian Generalised Linear 

Models (GLM, McCullagh & Nelder 1983) with identity link functions were fitted. The 

data met the assumption of homogeneous variance and were normally distributed. 

Models were fitted forwards, with terms added one at a time and the most significant 

term was included in the next step. When no additional terms were statistically 

significant, the fitting was stopped. The performance of candidate models was assessed 

using analysis of deviance and Akaike’s information criterion (Burnham & Anderson 

2002). Depth was treated as a categorical variable with two levels, between the surface 

and 130 m and from 130 to 200 m. The day of sampling was treated as replication in the 

analysis. In Chapter 3, using the numerical model Bluelink (Oke et al. 2008), we 

estimated that a typical alongshore current speed in May and November was of the 

order of ~0.1 m s-1. In this case, a parcel of water would be transported along the coast 

at a rate of ~10 km every day. Therefore we believe that samples taken on 



      Chapter 4– Phytoplankton composition 

 91 

consecutive days can effectively be considered as independent samples because of the 

significant alongshore advection in this area. 

4.4 Results 

4.4.1 Meteorological and physical oceanographic conditions 

During the field experiments, the wind was blowing predominantly from the 

southeast (125 ± 16 degrees) in autumn and from the southwest (200 ± 10 degrees) 

during spring (Table 4-2). On average, the wind speed was half as strong in autumn 

(10.8 ± 1.0 km h-1) as in spring (20.4 ± 1.2 km h-1).  

Table 4-2: Daily-averaged wind speed (km h-1) and direction (degrees) during May and 

November 2008 study periods. The days of sampling have been shaded.  

Date Wind speed Wind direction 

May 26 2008 11.1 110 
May 27 2008 13.6 87 
May 28 2008 13.5 87 
May 29 2008 9.0 140 
May 30 2008 10.6 131 
May 31 2008 7.2 193 
November 7 2008 22.3 159 
November 8 2008 22.1 125 
November 9 2008 11.0 233 
November 10 2008 16.8 208 
November 11 2008 20.9 214 
November 12 2008 24.0 203 
November 13 2008 22.9 213 
November 14 2008 24.1 223 
November 15 2008 19.7 209 
November 16 2008 20.1 211 

 

Alongshore currents were significantly more southerly in autumn (-0.315 ± 0.0189 

m s-1, data not shown) than in spring 2008 (0.0347 ± 0.0173 m s-1, Figure 4-3a) (t = 

12.0, p < 0.001, 30 df), based on the periods from May 16 until May 31 and from 

October 28 until November 27. The estimated wind-driven upwelling velocity wu (Eq. 
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(4)) was twice as great in spring (3.73 × 10-5 ± 3.36 × 10-6 m day-1, Figure 4-3b) as in 

autumn (1.42 × 10-5 ± 2.79 × 10-6 m day-1, data not shown). In spring, the greater wind-

driven upwelling velocities were associated with some weak northerly currents. 

In the upper 300 m of the water column (i.e. corresponding to the depth of the 

Leeuwin Current, e.g. see Koslow et al. (2008)) the temperature was more than 2°C 

warmer (23.5 ± 0.09°C) in autumn than in spring (21.9 ± 0.3°C). The average MLD was 

between 69 ± 3 m in autumn and 52 ± 12 m in spring. In autumn, the MLD was 

relatively uniform between days of sampling. During spring, the cross-shelf slope of the 

23°C isotherm changed from being non-significant on November 10, 11 and 12 to 

significantly positive (p < 0.001) on November 14 and 16 (shallower towards the reef). 

The 23°C isotherm occurred at 8 m close to the reef compared to 95 m at the stations 

furthest offshore (p < 0.001, r2 = 0.94, 6 df). This corresponded to MLDs on average ~3 

times deeper on November 14 (between 78 and 101 m) compared to November 11 

(between 22 and 26 m).  

Because of the rapid change in MLD during spring, we use additional data (current 

speed, direction and bottom temperature) to understand the possible causes of this daily 

variation (Figure 4-3). The near-shore current varied between travelling northwards or 

southwards depending on the day (Figure 4-3a). The most southerly currents were 

observed on November 8 (~-0.2 m s-1, 2 days before biological sampling started) and the 

most northward currents was ~0.2 m s-1 and was observed on November 26. The 

temperature at 20 m depth decreased by ~1°C between November 9 (24.3°C) and 

November 14. Furthermore between November 1 and 7 and between November 22 and 

27, the temperature dropped by ~1.3°C and ~1°C respectively. Temperature and 

estimated wind-driven upwelling velocities wu were negatively correlated (p = 0.02, r2 = 

0.29, 30 df). Note that the predicted wind-driven upwelling velocity is a measure of the 
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upwelling one can expect based on theoretical Ekman transport (i.e. a function of the 

wind stress and stratification). In the waters off Ningaloo Reef, a southward poleward 

transport was not associated with negative wind-driven upwelling velocities. This is 

because the dominant poleward pressure gradient off Western Australia often 

overwhelms the wind stress resulting in an overall southward flow (Thompson 1984, 

Godfrey & Ridgway 1985, Weaver & Middleton 1989, Batteen & Rutherford 1990, 

Woo et al. 2006b). Nevertheless, the wind-driven upwelling velocities still provide an 

indication of the likelihood of a wind-driven upwelling event to occur. 

Mixing rates, estimated using the ratio of DD+DT/Tchl a ratio, were calculated for 

May 30, 31 and November 14. On May 30, the estimated time-scale required to mix the 

water column down to the DCM ranged between 1.6 and 2.6 hours (DCM ~30 m). On 

May 31, the mixing rates decreased and ranged between 2.8 (station D, DCM ~30 m) 

and 8.3 hours (station G, DCM ~60 m). In spring, the time required to mix throughout 

the DCM was estimated to be between 2.1 (station G, DCM ~80 m) and 4.0 hours 

(station F, DCM ~80 m).  
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Figure 4-3: (a) Alongshore current speed (m s-1) during the period of sampling in 

November 2008. The dash-dot line indicates the period of sampling (November 10 to 

November 16). Negative alongshore currents flow towards the south. (b) Calculated 

wind-driven upwelling velocity (wu, m day-1) and bottom temperature (~20 m) (°C).  
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4.4.2 Nutrients 

To investigate the seasonal trends in nutrient concentrations, data were binned into 

two depth layers. The choice of these two depths was a compromise between the 

location of the water masses identified with the temperature and salinity plots and the 

depth down to which the nutrients had been sampled. The nutrient concentrations were 

binned into a first layer from 0 to 130 m deep (hereafter referred to as the ‘shallow 

layer’) and a layer from 130 to 200 m (hereafter referred to as the ‘deep layer’).  

For all stations and depths sampled, nitrate concentrations were positively 

correlated with silicate (r2 = 0.91, p < 0.001, n = 251, Figure 4-4). Nitrate was also 

positively correlated with phosphate (r2 = 0.94, p < 0.001, n = 251, Figure 4-4).  

 

Figure 4-4: Nitrate versus silicate (r2 = 0.91, n = 251, silicate = 0.857*nitrate + 1.604) 

and phosphate (r2 = 0.94, n = 251, phosphate = 0.0623*nitrate + 0.131) for values 

between the surface and 400 m deep in autumn and spring. Both linear regressions are 

statistically significant (p < 0.001). The dotted line represents the 16:1 line. 
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Nitrate concentrations in the upper 130 m of the water column were always <1.8 

µM in both autumn and spring (Figure 4-5). The average N:P molar ratio during both 

autumn and spring was less than 6.6. The N:P ratio in the upper 100 m was greater in 

autumn (5.46 ± 0.53) than in spring (3.63 ± 0.22). The Si:N ratio in the upper 100 m 

was on average 6.10 ± 0.78 in autumn and 8.33 ± 0.89 in spring. Since phosphate and 

silicate co-varied with nitrate to a similar extent, we present only the data for nitrate and 

ammonium concentrations in order to discuss the spatial and temporal variation in 

nutrient concentrations. 

Nitrate - Spring

Depth layer
shallow deep

N
itr

at
e 

(µ
M

)

0

2

4

6

8

10
Nitrate - Autumn

Depth layer
shallow deep

N
itr

at
e 

(µ
M

)

0

2

4

6

8

10

A 
B 
C 
D 
E 
F 
G 

Ammonium - Spring

Depth layer
shallow deep

A
m

m
on

iu
m

 (µ
M

)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
Ammonium - Autumn

Depth layer
shallow deep

Am
m

on
iu

m
 (µ

M
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

(a) (b)

(c) (d)

* *

** *

**

*

Inshore

Offshore

 

Figure 4-5: Average nitrate (a, b) and ammonium concentration (c, d) at stations A, B, 

C, D, E, F and G, for the depth layer between 0 and 130 m (shallow) and 130 to 200 m 

(deep). Station A to D were too shallow to estimate a concentration in the deep layer 

and are therefore not shown. Asterisks indicate that samples were not collected at that 

station or that only one sample was collected at that station for that depth. Error bars 

represent standard deviation across days. 
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The Generalised Linear Model that best described nitrate concentrations included 

season, depth and an interaction between them (Table 4-3), whereas ammonium 

concentration varied significantly with season and depth. Coefficients of model terms 

(data not shown) show that nitrate and ammonium concentrations were overall greater 

in the deep layer than in the shallow layer and also greater in autumn than in spring 

(Figure 4-5).  

Table 4-3: Summary statistics from Generalised Linear Models fitted to correlate 

nitrate and ammonium concentrations with season, station and depth. The optimal 

model is highlighted in bold. AIC = Akaike’s information criterion; Δ AIC = the change 

in Akaike’s information criterion between the optimal and candidate model. ‘*’ 

indicates p < 0.05 and ‘**’ indicates a p < 0.005. 

Model  df Deviance AIC ∆AIC 
Nitrate ~ 1 (null) 44 321 220 81.2 
Nitrate ~ Season 43 297 219 79.7 
Nitrate ~ Station 38 254 221 82.7 
Nitrate ~ Depth (**) 43 53.6 141 2.66 
Nitrate ~ Depth + Season 42 49.1 140 0.79 
Nitrate ~ Depth + Station 37 48.1 149 9.83 
Nitrate ~ Depth + Season + Depth*Season (*) 41 46.2 139 0.00 
Ammonium ~ 1 (null) 44 26.0 107 31.1 
Ammonium ~ Season (**) 43 13.3 78.9 3.02 
Ammonium ~ Station 38 23.4 114 38.5 
Ammonium ~ Depth 43 25.7 108 32.6 
Ammonium ~ Season + Station 37 11.4 83.9 8.06 
Ammonium ~ Season + Depth (*) 42 11.9 75.8 0.00 
Ammonium ~ Season + Depth + Season*Depth 41 11.8 77.6 1.78 

 

4.4.3 Phytoplankton abundance and diversity 

The vertically-averaged fluorescence over the MLD was greater in autumn (0.62 ± 

0.0070 µg chl a L-1) compared to spring (0.40 ± 0.0067 µg chl a L-1) (Figure 4-6). In 

autumn, the large phytoplankton size fraction (>5 µm, from extracted chlorophyll a) 

over the MLD was ~22 ± 2 % (MLD ~70 m) (Figure 4-7a). In spring, large 

phytoplankton over the MLD (~50 m) represented on average ~8 ± 1 % of the total 
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phytoplankton community (Figure 4-7b).  

 

Figure 4-6: Average fluorescence concentration (µg chl a L-1) along a 14 km long 

transect off Ningaloo Reef in (a) autumn (n = 3 days) and (b) spring 2008 (n = 5 days). 

The triangles indicate the locations of the individual CTD profiles. The white circles 

show the computed MLD from the observed temperature and salinity fields. The bottom 

is the maximum depth of the CTD casts. 

 

Figure 4-7: Average percentage (%) of large cells (>5 µm) from extracted chlorophyll a 

in (a) autumn (n = 1 day) and (b) spring (n = 4 days). 

Diatoms were more abundant in autumn than in spring (Figure 4-8a). In autumn, 
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the three most abundant diatom genera were Chaetoceros spp. (14 to 36 % of total 

diatoms depending on station and depth), Nitzschia spp. (8 to 23 %) and 

Pseudonitzschia spp. (7 to 39 %). Dinoflagellates were between 4 and 5 times more 

abundant in spring than in autumn (Figure 4-8b). Dinoflagellates were largely 

heterotrophic and were dominated by Gyrodinium spp. (55 to 95 % of total 

dinoflagellates) and Scripsiella spp. (12 to 30 %). Silicoflagellates were observed in 

spring but not autumn (dominant species was Dictyocha spp., data not shown). Ciliates 

(tintinnids and Strobilidium spp.) were observed during both seasons (data not shown). 

The CHEMTAX analysis was consistent with the microscopic analysis, i.e. diatoms 

were more abundant in autumn than in spring. During both spring and autumn, 

Synechococcus sp. represented the most abundant phytoplankton taxa (between 41 and 

57 % of total phytoplankton community at both the surface and the DCM) (Figure 4-9). 

In spring, haptophytes, cryptophytes and prasinophytes (~15 %, 13 % and 11 % of 

phytoplankton community respectively) represented the major taxa after Synechococcus 

sp.. In autumn, haptophytes and prochlorophytes were abundant in both the surface and 

the DCM (~12 % and 11 % of phytoplankton community). In autumn, diatoms 

represented 6 % (surface) to 9 % (DCM) of the phytoplankton community.  
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Figure 4-8: Average cell abundance ± standard error (×103 cells L-1) from microscopic 

counts for (a) diatoms and (b) dinoflagellates (duplicate samples at surface and at the 

DCM). 
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Figure 4-9: Average (using data from all stations) phytoplankton relative abundance 

determined by CHEMTAX at the surface in (a) autumn and (b) spring and at the DCM 

in (c) autumn and (d) spring. 
 

Using flow cytometry, Prochlorococcus sp., Synechococcus sp. and picoeukaryotes 

were identified in the upper 100 m of the water column in both seasons (Figure 4-10). 

Prochlorococcus sp. persisted down to depths of 200 m during both seasons. 

Picoeukaryotes exhibited the greatest seasonal variation compared with Synechococcus 

sp. and Prochlorococcus sp.. Picoeukaryotes were up to ~4 times more abundant in 

spring (4.6 ± 1.2 × 103 cells mL-1) than in autumn (1.1 ± 0.1 × 103 cells mL-1). No 

significant relationship could be found between the cell counts from flow cytometry and 

the absolute abundance derived from the CHEMTAX analysis for Prochlorococcus and 

Synechococcus sp.. The presence of different ecotypes for both species, each containing 

different pigment ratios and possibly different pigment to carbon ratios complicates the 

comparison of cell counts by flow cytometry with the pigment analysis (Mackey et al. 

2002). 
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Figure 4-10: Average ± standard errors (×103 cells mL-1, average over depth) for (a) 

Prochlorococcus sp., (b) Synechococcus sp. and c) picoeukaryote abundance for autumn 

and spring in the upper 20 m of the water column for station B, D and G.  
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4.4.4 Nutrient uptake  

In autumn, chlorophyll a specific ammonium uptake rates were up to 8 times 

greater (between 0.8 ± 0.3 and 2.4 ± 0.1 µg N µg Chl a h-1) than in spring (between 0.1 

± 0.01 and 0.8 ± 0.1 µg N µg Chl a h-1) (Figure 4-11). This is the equivalent of an 

absolute ammonium uptake ranging from 0.4 ± 0.1 to 1.3 ± 0.7 µg N L-1 h-1 in autumn 

and from 0.06 ± 0.001 µg N L-1 h-1 to 0.2 ± 0.02 µg N L-1 h-1 in spring. The chlorophyll 

a specific nitrate uptake in autumn ranged between 0.1 ± 0.05 (station G) and 0.4 ± 0.03 

µg N µg Chl a h-1 (station D), the equivalent of 0.04 ± 0.01 µg N L-1 h-1 and 0.2 ± 0.03 

µg N L-1 h-1. The station where the greatest nitrate uptake rates were measured also 

corresponded to the station where minimum ammonium uptake was observed and vice-

versa. The f-ratios (Dugdale & Goering 1967) increased from 0.046 at station A to 0.34 

at station D and decreased down to 0.054 at station G (data not shown).  

 

Figure 4-11: Chlorophyll a specific nitrate and ammonium uptake (ng N µg chl a h-1) in 

autumn (May 31) and spring (November 15) in the surface water (~5 m). Error bars 

represent the standard error between the duplicate experiments. 
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4.5 Discussion 

In autumn, in the waters off Ningaloo Reef, the MLDs were deeper and the 

concentrations of large-sized phytoplankton within the surface mixed layer were greater 

than in spring. Carbon fluxes within the euphotic zone are dependent on the 

phytoplankton size and community composition (Steele & Frost 1977, Chisholm 1992). 

The link between hydrodynamic conditions and phytoplankton size distribution is well 

accepted (Malone 1980a, Platt & Silvert 1981, Legendre & LeFevre 1991). Under 

vertically mixed conditions, nutrients are allochthonous, light available to 

phytoplankton is variable and the growth of large cells is generally enhanced (e.g. 

Margalef 1978). Under stratified conditions when nutrient sources are autochthonous, 

ammonium uptake by small cells (pico- and nano-plankton) will predominate (Legendre 

& Rassoulzadegan 1995). Hereafter, we assess the physico-chemical conditions of the 

water column in autumn versus spring in the waters off Ningaloo Reef and discuss how 

these conditions likely change the phytoplankton size structure and community 

composition.  

In Chapter 3, we showed that the MLDs in the waters off Ningaloo Reef were 

significantly deeper (~70 m) in autumn than in spring (~50 m). In autumn, 

phytoplankton concentrations within the MLD increased and large-sized phytoplankton 

within the MLD was more abundant in autumn than in spring. In spring, the bulk of 

phytoplankton concentration was located within a DCM. This suggests that the surface 

waters in spring were likely to be nutrient depleted and that the MLD was not deep 

enough to replenish surface waters with nutrients. These observations offer support to 

our hypothesis that the deepening of the MLD in autumn promotes the growth of large 

phytoplankton in this region. 

Lourey et al. (2006) found that surface waters off Western Australia were severely 
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nitrogen limited on the shelf, within the LC and offshore waters south of 25°S (nitrate 

concentrations always below 0.5 µM). Adjacent to Ningaloo Reef, we found that N:P 

ratios were on average <10 during both autumn and spring compared to N:P ratio of ~10 

suggested by Redfield et al. (1963) as the optimal requirement for phytoplankton 

primary productivity. This further confirms that the surface waters in this region are 

nitrogen limited. Furthermore, the dominance of Prochlorococcus sp. offshore in spring 

compared to autumn could be another indication that nitrogen is limiting in this region. 

Prochlorococcus sp. cannot generally use nitrate as a nutrient source due to the absence 

of the nitrate reductase gene (Moore et al. 2002). In contrast, maximal growth rates of 

Prochlorococcus sp. occur in nutrient depleted ocean surface waters (Furnas & Crosbie 

1999) presumably as a result of their high surface to volume ratio providing a 

competitive advantage over larger phytoplankton (Partensky et al. 1999) and their 

efficient utilisation of recycled nitrogen (NH4
+ and urea) (Moore et al. 2002).  

The larger cells observed in autumn are typical of the initial stage of succession, 

when the nutrient supply is abundant and vertical mixing is strong enough to maintain 

non-motile cells in the euphotic zone layer (Margalef 1978). While this deep mixing can 

replenish surface waters with nitrate, it will also transport cells to deeper layers where 

light levels are low. Diatoms have an advantage over other phytoplankton species in 

deeply-mixed environments since they are highly adapted to low light conditions 

(Smetacek & Passow 1990, Litchman 1998, Mitrovic et al. 2003). When the MLD 

deepens, the rate of mixing becomes crucial in determining the viability of 

phytoplankton cells. Using a modelling approach, Findlay et al. (2006) demonstrated 

that for a bloom to develop, the increase in nutrients in the upper layer needs to be rapid 

during the first few days of the forcing period. On the other hand, if the mixing rate is 

too fast, phytoplankton can be moved to depths with low levels of light before they can 

grow and utilize the nutrients. In this study, phytoplankton pigments 
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diadinoxanthin and diatoxanthin (xanthophylls) were used as indicators of mixing 

because they respond quickly to changes in light conditions (Moline 1998). In autumn 

and spring, the ratio DD+DT/Tchl a decreased with depth, suggesting that the response 

of the photoprotective pigments was more rapid than the rates of vertical mixing. 

Mixing rates in autumn were variable and generally greater than in spring, but on 

occasions reached values equivalent to those in spring. Nutrient stress can impact these 

ratios (Geider et al. 1993, Olaizola 1993), potentially explaining the high xanthophyll 

ratios at depth during spring. Because of the potential for nutrient limitation in these 

waters, we interpret these results with some caution. These results, however, do suggest 

that the mixing rates of the water column, at least some of the time, can be similar in 

autumn and spring.  

In autumn, the dominance of ammonium uptake in the waters off Ningaloo Reef 

combined with the evidence of nitrate uptake suggests the existence of a multivorous 

food-web where herbivorous and microbial web coexist with significant coupling 

possible occurring between the two trophic modes (Legendre & Rassoulzadegan 1995). 

The f-ratios at station A and G were <0.1 and a f-ratio of >0.3 was observed at station D. 

The f-ratio greater than 0.3 generally occurs in more eutrophic regions, whereas f-ratios 

smaller than 0.1 are characteristic of oligotrophic regions (Eppley & Peterson 1979, 

Olson 1980, Collos & Slawyk 1986, Murray et al. 1989). Unfortunately nitrate uptake 

experiments were not conducted in spring during this particular study. Other studies in 

the waters off Ningaloo Reef have demonstrated the predominance of ammonium-based 

production over nitrate-based production in spring (November 2000) in both the LC 

waters and the waters closest to the reef (Hanson et al. 2007b). In spring, Hanson et al. 

(2007) calculated f-ratio of 0.1 to 0.2. The greater phytoplankton standing stocks 

encountered in this study in autumn are therefore associated with a greater fraction of 
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‘new production’ than in spring. 

By using the output from an open-source particle dispersion model that uses ocean 

current vectors from the Bluelink reanalysis model (Connie2, available from 

http://www.csiro.au/connie2/; see Condie et al. 2005) we can assess the effect that the 

seasonal difference in phytoplankton concentration may have on the quantity of 

particles delivered to the reef. A particle dispersion time of 30 days was used and a 

particle sink area of ~1000 km2 was defined (roughly 100 km alongshore by 10 km 

across-shore) in the coastal waters off Ningaloo Reef. Since the year 2008 was not 

available from the Bluelink reanalysis product (1992-2007) we ran the model for 2007. 

The output showed that particles that were transferred to the reef came from an area ~15 

times greater in autumn than spring (Figure 4-12). Therefore in autumn there were ~22 

times more particles delivered to the reef (an area about 15 times larger and the surface 

waters contain about 1.5 times the concentration of chlorophyll a observed) than in 

spring (if we assume limited vertical transport of particulate matter). Because the area 

from which the food is derived is much larger in autumn than in spring, small changes 

in the mechanisms affecting surface chlorophyll a concentration will have a large 

impact on the phytoplankton delivered to the reef in autumn.  
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Figure 4-12: Area from which particles that reach Ningaloo Reef are derived from 

(Connie2) for year 2007 using a dispersal time of 30 days for the period from (a) 

January until March, (b) April until June, (c) July until September and (d) October until 

December . Each pixel has a resolution of 0.5° and the sum of these pixels is presented 

as ‘n’ above each map. 

 

The deepening of the MLD is likely to respond very differently to El Niño and La 

Niña events. In Chapter 3, we identified the alongshore transport as a factor contributing 

to the MLD deepening in the waters off Ningaloo Reef. Under El Niño conditions, the 

LC transport is smaller (Feng et al. 2003) and is therefore likely to result in a shallower 

MLD in autumn. Under these conditions, nutrient concentrations will be lower during 

El Niño events and may therefore result in lower phytoplankton concentrations than 

during La Niña events (Figure 4-13). Furnas (2007) suggested that in spring the 

thermocline was likely to be shallower during El Niño events than La Niña events 

because of the reduced LC transport. He further suggested that this would lead to 
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greater phytoplankton concentration during El Niño years compared to La Niña years. 

This is in contradiction to what we have proposed in this study. We suggest that the 

difference in prediction could be due to the fact that El Niño and La Niña events are 

likely not to have the same effect on the hydrodynamics of the water column in spring 

compared to autumn. Such a difference could lead to a scenario where chlorophyll a 

concentrations are low in autumn during El Niño events compared to La Niña events 

and chlorophyll a concentrations are greater in spring during El Niño events than during 

La Niña events. Future studies should aim at testing this hypothesis by sampling for 

phytoplankton concentration and size distribution over one or several similar transects 

in the waters off Ningaloo Reef during both El Niño and La Niña conditions. 

 
Figure 4-13: Conceptual model of the effect that climate-driven changes such as El 

Niño and La Niña events may have on the phytoplankton dynamics in the waters off 

Ningaloo Reef.  

The coastal hydrodynamics conditions varied considerably during the five day 

sampling period in spring 2008. Upward sloping isotherms and isohalines were 
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observed on November 14 and 16. This tilting of the isotherms and isohalines coincided 

with a northward alongshore flow and a decrease of ~1°C in the surface waters. 

Previous studies have observed this tilting of the isotherms and isohalines in spring in 

the waters off Ningaloo Reef and have described this as an indication of upwelling 

(Hanson et al. 2005b, Woo et al. 2006b). Increasing wind speed and a change in wind 

direction compared to autumn may allow some water to flow northward. Between 

October 27 and November 28, there were ~3 events when the temperature dropped by 

~1°C. This suggests that the direction of this cold, northward flow reverses frequently 

(~3 times per month during our study). The frequency and duration of these events is 

important for the phytoplankton dynamics. The cold (<23°C), more saline (34.92) 

waters observed in spring off the Ningaloo coast are thought to primarily consist of 

waters upwelled from shallow depths partially augmented with surface water advected 

from the south (Gersbach et al. 1999, Woo et al. 2006b). Recently upwelled waters are 

often rich in nitrate and therefore generate an increase in phytoplankton concentrations. 

So far, no study has reported significantly greater nitrate concentration in this cold, 

more saline water mass compared to the surrounding waters off Ningaloo Reef. 

Phytoplankton require some time to respond to increasing nitrate concentrations 

(Zimmerman et al. 1987, Garside 1991). Using a simple model based upon the initial 

nitrate concentration in the upwelled water and the acceleration rate, Zimmerman et al. 

(1987) indicated that the shortest time for complete phytoplankton adaptation was an 

initial nitrate concentration of at least 12.5 μM and a MLD of less than 25 m. In the 

waters off Ningaloo Reef, MLDs were always deeper than 25 m and nitrate 

concentrations always less than 8 µM. At these concentrations and using the model 

from Zimmerman et al. (1987), the time for complete physiological adaptation (i.e. 

maximum capacity for nutrient depletion) would be more than 12 days and the predicted 

time for complete nitrate utilization would be ~15 days. If the northward flow 
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was transporting nutrient-rich water, the frequent reversal of the currents in the waters 

off Ningaloo Reef may explain why no considerable increase in phytoplankton 

concentration has been so far observed during spring. 

This study provides insight into why several pelagic species may congregate in the 

Ningaloo region during autumn and winter months. In particular, Ningaloo Reef is one 

of the few regions in the world where whale sharks congregate annually (Taylor 1996). 

Each year, between March and June, plankton feeding whale sharks are observed in 

large numbers close to the shore along Ningaloo Reef. Whale sharks are filter-feeders 

and feed on a wide variety of planktonic and nektonic preys including small 

crustaceans, small fishes and larger preys items such as tuna, albacore and squid 

(Compagno 1984, Last & Stevens 1994). Several studies have also reported the 

potential for phytoplankton and macroalgae to directly form a component of the whale 

shark’s diet (McCann 1954, Kaikini et al. 1959, Karbhari & Josekutty 1986). The 

increasing chlorophyll a concentration and size-distribution of phytoplankton observed 

during the congregation period of whale sharks (March to June) may explain the timing 

of whale sharks aggregation in the waters off Ningaloo Reef. This can be achieved 

either directly by whale sharks feeding on the phytoplankton or indirectly, by the 

transfer of enhanced algal biomass to higher trophic levels (i.e. classic food chain). The 

seasonal variation in phytoplankton community composition and size structure could 

also provide an explanation to the relationship between the LC and the recruitment of 

various fish and invertebrate species previously observed off WA (Caputi et al. 1996). 

In conclusion, the MLD deepening observed in autumn in the waters off Ningaloo 

Reef leads to an increase in large-sized phytoplankton. The increasing concentration of 

large-sized phytoplankton has the potential to feed herbivores. This may explain the 

direct link between the strength of the LC and the recruitment of various fish and 



      Chapter 4– Phytoplankton composition 

 112 

invertebrate species previously observed in the waters off WA (Caputi et al. 1996). It 

may also provide a satisfactory explanation for the congregation of whale sharks in the 

waters off Ningaloo Reef occurring when the strength of the LC is at its greatest. Using 

a simple particle dispersion model we also showed that particles transferred to the reef 

came from a much larger area in autumn than in spring. This greater area combined with 

the increasing surface chlorophyll a concentrations in autumn indicates that a small 

change in the amplitude of the MLD deepening in autumn has the potential to 

significantly alter the quantity of particulate nutrients sources delivered to the reef. 

 

Appendix related to this chapter: 

Appendix D: In November 2008, some measurements of primary production were 

also executed. Because these measurements were only done in spring and not in 

autumn, we decided not to include these data in the publication. The results of these 

data are provided in Appendix D with some discussion of the results.  
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Chapter 5  
Assessing phytoplankton growth rates and the impact 

of microzooplankton grazing off Western Australia 

5.1 Abstract 

Growth rates of phytoplankton and grazing rates by microzooplankton were 

measured in the waters off Western Australia between 22°S and 34°S. The initial 

hypothesis that grazing would be reduced in regions where a deep mixed layer depth 

(MLD) occurred was not supported by the observations. Instead, grazing rates were 

shown to be statistically (p = 0.001) greater at the surface (between ~0.4 and 1.2 d-1) 

than at the deep chlorophyll maximum (DCM) (-0.2 to 0.7 d-1). These grazing rates 

were equivalent to ~30 to 70 % of the phytoplankton standing stock being grazed per 

day in the surface waters compared to a maximum of 45 % of the phytoplankton 

standing stock being grazed at the DCM. We discuss the potential that this differential 

grazing may have in the formation and persistence of the DCM in open ocean regions. 

Gross growth rates of phytoplankton were shown to be significantly (p = 0.002) 

correlated to the MLD. Deeper MLDs (~120 m) were associated with greater growth 

rates of phytoplankton than shallower MLDs. The increasing growth rates with MLD 

suggest that light was not limiting even in the deepest MLD observed in this study. This 

result, combined with relatively low grazing rates off Western Australia, suggest that 
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the autumn phytoplankton bloom off Western Australia is mainly under the control of 

nutrient input via MLD deepening. 

5.2 Introduction 

The formation of a phytoplankton bloom requires that favourable conditions are 

maintained for a sufficient period such that net growth exceeds losses and biomass can 

accumulate. Grazing by microzooplankton can account for 100 % of primary 

production, thereby preventing an accumulation of phytoplankton (Verity & Smetacek 

1996, James & Hall 1998). On average their consumption is ~75 % of particulate 

primary production and about half of the phytoplankton biomass per day (Calbet & 

Landry 2004). In many parts of the world’s ocean, the annual cycle of phytoplankton 

growth is dominated by a rapid, intense increase in phytoplankton abundance, the spring 

bloom (Falkowski et al. 2000). As spring approaches, the combined effects of longer, 

warmer days and reduced wind speeds leads to the formation of a thermally stratified 

surface layer. The stability of this layer restricts vertical mixing keeping phytoplankton, 

and the nutrients they require for their growth, in the sunlit upper water column. Under 

these conditions phytoplankton grow very rapidly and the stock of nutrients in the 

surface layer decreases. Additionally, mesozooplankton begin reproducing rapidly as 

the bloom starts and grazing reduces the phytoplankton after a short time.  

Off Western Australia (WA), the nutrient and phytoplankton levels are typically 

low and phytoplankton are small (<5 µm) (Hanson et al. 2005b, Furnas 2007). The 

Leeuwin Current (LC, Thompson 1984), an anomalous eastern boundary current, flows 

along the 200 m isobath and its transport is maximum in autumn and winter months 

(Feng et al. 2003). In autumn, phytoplankton concentrations increase and can reach ~0.4 

µg chl a L-1 (Chapter 3). In the waters off Ningaloo Reef, this bloom coincides with a 

deepening of the mixed layer depth (MLD) and an increase in nutrient concentrations 
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(Chapter 3). The development of blooms before the onset of vertical stratification has 

been observed in a few places worldwide. Townsend et al. (1992) observed a spring 

bloom in the absence of vertical density structure in the Gulf of Maine. They suggested 

that the deepening penetration of light in clear waters during winter, combined with 

weak wind-driven mixing, may be sufficient to maintain growth rates that exceed the 

vertical excursion rates. In a follow-up modelling study, Townsend et al. (1994) 

demonstrated that a spring bloom can commence following deep winter convection 

(prior to the development of thermal stratification), provided that the wind speed was 

below a predictable threshold. Spring phytoplankton bloom conditions for the south 

eastern Bering Sea were simulated with a coupled NPZD (nutrients-phytoplankton-

zooplankton-detritus) model by Eslinger and Iverson (2001). They concluded that a 

shallow mixed layer was not essential to trigger a bloom and instead a cessation of 

convective mixing during a period of increased air temperature and low wind speed was 

required, which stratified the water column.  

So far, most studies investigating the development of a phytoplankton bloom that 

coincided with a MLD deepening have focused on bottom-up controls such as light, 

temperature and nutrients. Recently Behrenfeld (2010) suggested that the autumn bloom 

observed in the North Atlantic could develop because the deepening of the MLD causes 

the phytoplankton and grazers to be diluted. His hypothesis, ‘the dilution-recoupling’ 

hypothesis suggests that the deepening of the MLD causes the net population growth 

rate to exceed losses because of the decreasing encounter rates of grazers and 

phytoplankton. As stratification is re-established and the biomass of zooplankton 

increases, grazing increases and the net growth of the phytoplankton population then 

declines over time.  

The present study is the first assessment of microzooplankton (<200 µm) grazing at 
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the mesoscale off the West Australian coast. We hypothesised that the deepening of the 

MLD in autumn off WA could result in a decoupling between grazing by 

microzooplankton and the growth of phytoplankton, analogous to Behrenfeld’s (2010) 

observations in the Atlantic Ocean. This study was designed to investigate the 

mechanisms driving this autumn bloom and improve our understanding of the role that 

nutrient inputs via vertical mixing or a combination of increasing nutrient 

concentrations and decreasing grazing pressure may have on the development of the 

autumn phytoplankton bloom. Information on the impact that grazing by 

microzooplankton has on phytoplankton standing stock in the waters off WA will 

improve our understanding of the mechanisms driving the autumn phytoplankton 

bloom. The only previous estimates of microzooplankton grazing off WA were done at 

~32°S on a ~85 km transect in summer and within an eddy at ~31°S in spring (Paterson 

2006).  

5.3 Methods 

Data were collected on board the R/V Southern Surveyor during a three-week 

voyage in May 2007 off WA. Onshore-offshore transects were conducted along each 

degree of latitude from 34°S to 22°S (Figure 5-1). There was an eddy present at 33°S, 

therefore we decided to exclude this transect from further analysis since eddies are 

dynamically different and would have confused the aim of this chapter (e.g. Thompson 

et al. 2007, Waite et al. 2007).  

5.3.1 Physical data 

Temperature and salinity data were acquired with a SeaBird 911 CTD 

(conductivity, temperature and depth profiler) with dual conductivity and temperature 

sensors. For each CTD cast, we defined the MLD as the minimum depth at which either 

of the following criteria was satisfied: temperature < temperature (10 m) – 0.4°C or 
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salinity > salinity (10 m) + 0.03 (e.g. Condie & Dunn 2006). The temperature criterion 

was chosen to best equate the calculated MLD with mixing depths obtained from direct 

turbulence measurements in Australasian waters (Condie & Dunn 2006), while the 

salinity criterion was chosen to eliminate the possibility of compensating temperature 

and salinity gradients being interpreted as a well-mixed density layer. When the MLD 

could not be defined because the depth of the cast was too shallow, the closest MLD 

was chosen for this analysis. 

 

Figure 5-1: (a) Location of Ningaloo Reef in Western Australia and (b) location of 

stations where salinity and temperature data were collected (empty squares) and grazing 

dilution experiments were conducted (filled squares). The numbers adjacent to the solid 

squares denote the station number. 

 

5.3.2 Dilution experiments 

The WA coast was divided into three regions based on their latitude: south west 
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WA (from 30°S to 34°S), mid-WA (from 26°S to 30°S) and the Ningaloo Reef region 

(from 22°S to 25°S). Within each region, dilution experiments were conducted using 

water collected at both the surface and the DCM from inshore (~50 m deep), from 

within the LC (~200 m deep) and from offshore (between 1000 and 2000 m deep). The 

DCM was detected on the fluorescence signal on the downcast of the CTD profiler. A 

total of 18 grazing experiments were conducted (3 regions × 2 depths × 3 water bodies). 

Grazing by microzooplankton was measured using the Landry and Hassett’s (1982) 

dilution technique. This method is based on a series of dilutions of natural plankton 

suspensions with filtered water. Water collected was pre-screened through a 200 μm 

mesh to exclude macrozooplankton. Three 290 mL sub-samples at time zero (T0) were 

collected and filtered in order to describe the initial pigment concentration. Particle-free 

water was prepared by filtration through a 0.2 μm cartridge filter. This water was mixed 

with unfiltered water to obtain dilution grades of 100, 70, 40 and 10 % unfiltered water 

in 290 mL bottles. Each dilution was set up in triplicate. Samples from the 0.2 µm 

filtered water were also collected at T0 and T24. All bottles were then incubated for 24 h 

in incubation tanks using two layers of mesh on the incubation bottles containing water 

from the DCM to reproduce the light conditions from which the water was sampled. 

Each layer of mesh decreased the irradiance by ~40 %. In order to check for possible 

nutrient limitation during the incubations a set of triplicate bottle with 100 % seawater 

was also incubated after adding nutrients (0.5 µM NH4Cl and 0.05 µMM of Na2HPO4). 

The choice of nutrients added was based on the fact that nutrient uptake experiments 

conducted in the waters off Ningaloo Reef showed that, in both spring and autumn, at 

least 70 % of the nitrogen uptake was in the form of ammonium (Chapter 4). We 

therefore suspect that most of the nitrogen cycling in this region is through ammonium, 

since previous studies have shown that ammonium uptake was predominant in this 

region and therefore nitrate concentrations are less likely to be limiting during 
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the incubation. At the end of the incubation period, the samples were filtered onto GF/F 

filters (pores ~0.7 µm) and extracted in 90 % acetone overnight at -20°C and analysed 

for chlorophyll a on a calibrated Turner Designs model 10AU fluorometer (Parsons et 

al. 1984). The difference in pigment concentration at the beginning and at the end of the 

experiment was used to calculate the net rates of changes in pigments (k) assuming 

exponential phytoplankton growth, using the following equation:  

















=

0
i t

k
ChlT
ChlT24ln1  (8) 

where ki is net growth rate at dilution level i, t is the duration of the experiment 

(approximately one day) and ChlT0 and ChlT24 are the initial and final chlorophyll a 

concentrations (µg chl a L-1). Phytoplankton growth (μn, d-1) and grazing mortality (m, 

d-1) were calculated using the linear regression model of Landry & Hassett (1982): 

ii mDk  - μ = n  (9) 

where Di is the dilution factor for the dilution level i. The phytoplankton growth rate 

calculated using this equation is therefore equal to the growth rate in the absence of any 

grazing (hereafter referred to as gross growth rates). In this chapter we also use the term 

net growth rate which refers to the rate at which in situ phytoplankton biomass 

increased or decreased in the presence of grazers. 

The proportion of initial standing stock (Pi, % d-1) consumed by microzooplankton 

(Stelfox-Widdicombe et al. 2000) was also calculated: 

100 )exp(-1 = ×mPi  (10) 

where m, the mortality rates has been calculated using equation (9). 

The ingestion rates (IR, in μg chl a L-1d-1) were calculated as (Stelfox-Widdicombe et 

al. 2000): 
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0i PP = IR ×  (11) 

Statistical analyses (t-test, ANOVA and multiple linear regression) were 

performed using SigmaPlot 11.0 (Systat Software Inc) and R (http://www.r-

project.org/). Linear regression was used to determine the growth and grazing rates from 

the series of dilutions. Out of the 18 dilution experiments, 5 resulted in a non significant 

linear regression but were kept in the multiple linear regression model. Removing the 

non-significant linear regression from the multiple linear regression did not change the 

outcome. A t-test was used to compare the chlorophyll a concentration at the end of the 

incubation in the bottles with and without nutrients added. An Analysis of variance 

(ANOVA) was used to detect any significant trend of MLD with latitude or distance 

from shore. A multiple linear model was used to detect whether grazing and gross 

growth rates varied significantly with latitude, distance from shore and/or MLD.  

5.4 Results 

Off WA, the MLDs varied between 29 and 127 m (Table 5-1, Figure 5-2). 

Although no statistically significant trends with latitude or distance from shore were 

found (one-way ANOVA), the deepest MLD in each region was measured within the 

LC (Table 5-1). On average the MLDs within the LC were 100 ± 14 m, compared to 60 

± 11 m inshore and 52 ± 17 m in offshore waters.  

http://www.r-project.org/�
http://www.r-project.org/�
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Table 5-1: Location of the nine stations where dilution experiments were conducted both at the surface and at the DCM. The mixed layer depth, the 

corresponding grazing and gross growth rate and the chlorophyll a concentration before the incubation (ChlT0) are also reported. 

Region station Longitude 
(°E) 

Latitude 
(°S) 

Distance 
from 
shore 
(km) 

MLD 
(m) 

Depth 
(m) 

Grazing 
(d-1) 

Gross 
growth 
(d-1) 

Chl a conc. 
(µg chl a L-1) 

South 
west 
WA 

1 
(offshore) 

113.8 -33.9 118 40.5 
 

0 0.83 -1.15 0.38 
53 -0.17 -0.58 0.31 

2 (LC) 114.6 -33.0 96 91.1 
 

0 1.16 -0.082 0.46 
25 0.26 -0.033 0.38 

3 
(inshore) 

115.21 -31.7 25 82.6 
 

0 0.84 -0.39 0.53 
25 0.51 0.11 0.45 

Mid-
west 
WA 
 

4 
(offshore) 

113.3 -29.0 125 29.0 
 

0 0.42 -0.33 0.15 
25 0.63 -0.75 0.15 

5 (LC) 113.2 -28.0 96 80.7 
 

0 0.42 -0.25 0.20 
60 0.18 -0.51 0.20 

6 
(inshore) 

113.0 -26.0 13 48.1 
 

0 0.73 -0.86 0.26 
60 0.31 -0.027 0.25 

Ningaloo 
Reef 

7 
(inshore) 

113.1 -25.0 6 48.8 
 

0 0.96 0.098 0.22 
50 0.38 0.044 0.28 

8 
(offshore) 

112.6 -24.0 82 85.5 
 

0 0.64 -0.29 0.17 
50 0.31 0.025 0.21 

9 (LC) 113.7 -22.0 26 127.0 
 

0 1.23 0.50 0.20 
47 0.30 0.25 0.20 
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Figure 5-2: MLDs (m) measured off Western Australia. Note that the transect where an 

eddy was observed (~31°S) was not included. The ‘+’ symbols indicate where grazing 

and growth rates were estimated. 

 

Out of the 9 grazing experiments conducted using surface water, only one of them 

resulted in a non significant linear regression (offshore off mid-WA, Figure 5-3). At the 

DCM, 4 out of the 9 experiments did not result in a significant linear regression (this 

included the 3 dilution experiments conducted in the LC waters and one in the offshore 

waters off Ningaloo Reef, Figure 5-4). 
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Figure 5-3: Apparent growth rate (d-1) of chlorophyll a measured fluorometrically after 

extraction against dilution factor in 3 regions in the surface waters (see Figure 5-1) and 

three different water masses off Western Australia. The dilution factor indicates the 

proportion of seawater filtered through a 200 µm mesh. (*) p < 0.05, (**) p < 0.01, (NS) 

not significant.  
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Figure 5-4: Apparent growth rate (d-1) of chlorophyll a measured fluorometrically after 

extraction against dilution factor in 3 regions at the DCM (see Figure 5-1) and three 

different water masses off Western Australia. The dilution factor indicates the 

proportion of seawater filtered through a 200 µm mesh, the remainder is seawater 

filtered through a 0.2 µm filter capsule. (*) p < 0.05, (**) p < 0.01, (NS) not significant. 

 

At the end of the incubation, the chlorophyll a concentrations within the bottles 

without nutrients added were not statistically different (t-test, after log-transformation, p 

= 0.9) to the chlorophyll a concentrations in the bottles with nutrients added (Figure 

5-5). Chlorophyll a concentrations at the end of the incubation varied between 0.058 

and 0.17 µg chl a L-1 in the surface waters and between 0.034 and 0.31 µg chl a L-1 at 

the DCM. 
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Figure 5-5: Chlorophyll a concentration after 24 hours incubation in 100 % seawater 

and 100 % seawater with added nutrients for (a) surface waters and (b) deep chlorophyll 

maxima (DCM). Stations numbered as (1) are offshore, (2) within the LC and (3) 

inshore. 

 

A multiple linear regression analysis was performed using distance from shore, 

latitude, depth and MLDs as the independent variables. Two separate multiple 

regressions were conducted: the first used grazing rates as the dependent 
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variable and the second analysis used the gross growth rates as the dependant variable. 

The multiple linear regression on grazing rates showed that depth was the only 

significant (Table 5-2, p < 0.01) term that could be used to predict grazing rates. 

Overall, grazing rates were greater at the surface and varied between ~0.4 and 1.2 d-1 

compared to -0.2 to 0.7 d-1 at the DCM (Figure 5-6a).  

Table 5-2: Coefficients of the multiple linear regression model for predicting grazing 

rates. (**) p < 0.01  

In contrast, the MLD was the only significant term that was able to predict the gross 

growth rates of phytoplankton (Table 5-3, p < 0.05). Deeper MLDs yielded increasing 

gross growth rates (Figure 5-6b). The gross growth rates ranged from ~-1.2 to 0.4 d-1 

(negative values denote losses). Using the equation from the linear regression (gross 

growth rate = 0.0090*MLD - 0.86) the gross growth rates became positive when the 

MLDs were deeper than ~95 m. The difference of chlorophyll a concentrations between 

the start and at the end of the incubation (ChlT0 - ChlT24) in the surface waters was 

significantly (p = 0.006) greater (ChlT0 always greater than ChlT24, data not shown) in 

the surface waters than at the DCM (positive values in 4 out of the 9 experiments, data 

not shown). This difference will be used to discuss the negative gross growth rates 

observed in this study. Because of these negative gross growth rates, calculating net 

growth rates (gross growth rates minus grazing rates) yielded negative net growth rates 

for 13 out of the 18 dilution experiments conducted. A linear regression of MLDs 

(dependant variable) versus net growth rates yielded a significant slope (p = 0.03) for 

the surface waters, but not a significant slope at the DCM (p = 0.2) (Figure 5-7). 

 Estimate Std.error t-value Pr(>|t|) 
(Intercept) 0.60 0.56 -1.07 0.30 
Distance 0.0020 0.0016 1.24 0.24 
Latitude 0.0070 0.019 0.37 0.72 
factor(depth) 0.50 0.12 4.14 0.0012** 
MLD 0.0019 0.0022 -0.87 0.40 
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Figure 5-6: Linear regression on the significant parameters for (a) grazing rates which 

was shown in the multiple linear model to be significantly predicted by the depth (Table 

5-2) and (b) the gross growth rates which can be significantly predicted using the MLD 

(Table 5-3). 
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Table 5-3: Coefficients of the multiple linear regression model for predicting gross 

growth rates. (*) p < 0.05 

 

 

Figure 5-7: Difference between gross growth rates and grazing rates (d-1) versus the 

MLD (m) for surface waters and the DCM. The linear regression was significant for the 

surface waters (p = 0.03, 8 df) but not for the DCM (p = 0.2, 8 df).  

 

In the surface waters, ~34 to 70 % of the standing stock was grazed per day (Figure 

5-8a) and between 17 and 47 % per day at the DCM (except for station 1 where a 

negative value (-19 %) was observed) (Figure 5-8b). Ingestion rates in the surface 

waters ranged from 0.05 to 0.3 µg chl a L-1 d-1. At the DCM, ingestion rates ranged 

from 0.05 to 0.2 µg chl a L-1 d-1 (except for station 1 where the ingestion rate was 

negative (-0.06 µg chl a L-1 d-1)).  

 Estimate Std.error t-value Pr(>|t|) 
(Intercept) 0.087 0.66 -0.13 0.90 
Distance 0.0025 0.0019 -1.33 0.20 
Latitude 0.019 0.022 0.87 0.40 
factor(depth) 0.14 0.14 1.00 0.33 
MLD 0.0070 0.0026 2.65 0.020* 
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Figure 5-8: Standing stock grazed per day (%) and ingestion rates (µg chl a L-1 d-1) in 

(a) the surface waters and (b) at the DCM off Western Australia. No data are presented 

for station 1 (south west WA) at the DCM since both the standing stock and the 

ingestion rates were negative. Stations numbered as (1) are offshore, (2) within the LC 

and (3) inshore. 
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5.5 Discussion 

We hypothesised that the autumn bloom observed off WA may be the result of 

decreasing grazing pressure by microzooplankton. Behrenfeld (2010) showed that the 

winter bloom observed in the Atlantic Ocean coincided with a deepening of the MLD 

and a decrease in microzooplankton concentration, and therefore a decoupling between 

phytoplankton growth and microzooplankton grazing. In our study no relationship 

between the MLD and microzooplankton grazing was observed. Behrenfeld’s 

hypothesis, that when the MLD deepens, growth and grazing rates are decoupled, was 

not confirmed in the waters off WA in autumn. The grazing rates observed yielded 

between ~30 and 70 % of the phytoplankton standing stock removed each day which 

means that it was still one of the major causes of death of phytoplankton. It is important 

to note that the general negative nature of the gross growth rates does not invalidate in 

any way our grazing rates since these are based on the slope of the linear regression.  

5.5.1 Grazing rates 

To our knowledge, no literature has previously reported greater grazing rates at the 

surface than at the DCM in marine environment. In fact most studies only estimate 

growth and grazing rates at one depth in order to achieve a satisfactory horizontal 

resolution. This difference in grazing rates with depth implies that despite the MLDs 

being relatively deep in autumn, particularly in the LC waters, the mixing rates of these 

waters must be relatively slow so that grazers are not homogeneously distributed. The 

presence of a DCM (Chapter 3 & 4) also suggests mixing is not very intense (Cullen & 

Lewis 1988, Cullen 1990). The fact that grazing rates were greater at the surface than at 

the DCM suggests a new perspective on mechanisms that may contribute to the 

formation of DCMs worldwide. If grazing is less at depth than in the surface waters, this 

process may contribute to the formation of a DCM. The formation and persistence of 
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DCMs has been the subject of considerable discussion by phytoplankton ecologists. 

Three basic explanations of DCM formation have emerged. First, spatial distributions of 

limiting resources define the location of the DCM as a result of localised productivity so 

that the DCM is generally considered as the depth where the optimal nutrient and 

irradiance is available. Second, a DCM may develop as a function of phytoplankton 

behaviour, such as rising or sinking in the water column in response to environmental 

cues. Finally, passive sinking of cells over depth generates a DCM where cells 

accumulate along a density gradient, i.e. the thermocline. Cullen (1982) suggested that 

chlorophyll a profiles at temperate latitudes often are produced by differential sinking, 

when sedimentation rates of phytoplankton exceed growth rates following a spring 

bloom. Venrick et al. (1973) found a DCM in the Pacific Ocean where a density 

gradient resulted from seasonal stratification of the water column that, in turn, isolated a 

layer of chlorophyll a from wind-driven turbulence. Off WA, we suggest that the 

existence of differential grazing may be an important factor contributing to the 

formation and persistence of DCM as previously observed in spring and summer 

(Chapter 3 & 4, Hanson et al. 2007a).  

An alternative explanation for the difference in grazing with depth is the presence 

of selective grazing. It has been suggested that microzooplankton not only control the 

biomass of the phytoplankton community but may also control the growth of certain 

algal populations by selective grazing (Burkill et al. 1987, Strom & Welschmeyer 

1991). A difference in the phytoplankton assemblage at the surface and at the DCM 

may explain the greater grazing rates observed in the surface waters. Investigation of 

phytoplankton composition in May 2007 would help resolve this. 

Finally, ~50 m deep sample that are incubated in an on-deck incubator may cause 

some changes in temperature which could affect the grazing rates. In fact, increasing 
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temperature has been shown to generally lead to greater grazing rates (Burkill et al. 

1993). In this case the grazers from the DCM may be subject to greater temperature than 

at the DCM and this may therefore result in an overestimate of their grazing rates which 

would not change our conclusion that grazing rates were greater at the surface than at 

the DCM. Finally, the exclusion of large grazers (e.g. krill, crab zoea, see Wilson et al. 

2002) may result in a general overestimate of the microzooplankton grazing rates. A 

homogeneous distribution of large grazers would not cause any problem in this study 

since we are comparing the grazing rates from the surface with those at the DCM. 

However previous studies have observed a vertical gradient in the abundance of large 

grazers in the waters off Ningaloo Reef with increasing macrozooplankton 

concentration at depth than in the surface waters (Wilson et al. 2002). So the grazing 

rates at the DCM may be overestimated because of temperature, and also overestimated 

because of the exclusion of macrozooplankton. Therefore, even if temperature and/or 

the presence of large grazers had an effect on our grazing rates, it would not change our 

conclusion that the grazing rates were greater at the surface than at the DCM.  Gross 

growth rates 

The gross growth rates in this study were primarily negative (67 % of the cases). 

Gross growth rates estimated by the dilution experiments can be negative for various 

reasons. First, the depletion of nutrients in the incubation bottles can lead to negative 

gross growth rates. That the addition of nutrients in the incubation bottles did not result 

in significantly different chlorophyll a concentration at the end of the incubation 

suggests that nutrient addition did not have an effect on the net growth rate of 

phytoplankton.  

A surplus of irradiance during the incubation relative to the irradiance present in the 

natural environment of the phytoplankton can also result in apparently negative gross 
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growth rates. From the data it is evident that the chlorophyll a concentration after 

incubation (chl a T24) was lower than the chlorophyll a before incubation (chl a T0). 

Surface irradiance in the waters off Ningaloo Reef in June is ~30 mol photons m-2 d-1 

(Chapter 3). The attenuation coefficients in June 2007 in the waters off WA varied 

between 0.06 and 0.08 m-1. This would mean that at the DCM the irradiance would be 

between 1.8 and 30 % of the surface irradiance. Considering we used two layer of mesh 

on the bottles containing water from the DCM and that each layer of mesh decreases the 

irradiance by ~40 %, the irradiance the bottles from the DCM would have received 

would have been ~36 % of the surface irradiance (about the same irradiance as in the 

shallowest MLD observed in this study). The bottles containing surface waters were 

not, however, protected by any mesh. If we consider that cells in the surface waters will 

travel throughout the MLD we can say that since the irradiance within the MLD is ~0.1 

mol photons m-2 d-1 (Chapter 3), it is highly likely that the phytoplankton from the 

surface waters would have received an excess of light during the incubations. When 

phytoplankton are exposed to high irradiance, the chlorophyll a content of each cell 

decreases and may therefore explain the negative gross growth rates observed in our 

experiments. An excess of irradiance in the incubation bottles is our most plausible 

explanation for the negative gross growth rates observed in 12 out of 18 dilution 

experiments. One may expect the bottles sourced from a deep mixed layer depth to be 

more affected by photoinhibition from excess light than water sampled from a shallower 

mixed layer. This does not seem to be the case here since the most negative growth rates 

were observed in the shallowest MLD (Figure 5-6). We can therefore assume that either 

all the bottles (surface and DCM) were equally affected by the excess of light or the 

surface bottles were most affected because they were incubated without mesh around 

them. Bottles from the DCM were covered by two layer of mesh to decrease the light 

intensity to what is typically found at that depth.  
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A significant, positive relationship was observed between the MLDs and gross 

growth rates. A deepening of the MLD can have several effects on phytoplankton 

communities. Variation in the MLD can change the light and nutrient conditions 

available to phytoplankton. As the MLD deepens, a deeper nutrient-rich layer can be 

entrained upwards in the surface mixed layer replenishing this layer with nutrients. In 

high latitude shelf waters of moderate depth, spring is characterized by the transition 

from deeply mixed surface layers to less turbulent more shallow layers. The suppression 

of vertical turbulence by a density discontinuity improves growth conditions for the 

mixed layer phytoplankton community (Sverdrup 1953) but ultimately restricts the 

exchange of properties between deeper water and the upper euphotic zone. This leads to 

conditions in which phytoplankton production can be limited by the availability of 

nutrients (Dugdale & Goering 1967), among which nitrogen is generally in shortest 

supply relative to its utilization in the marine environment (Ryther & Dunstan 1971). In 

the waters off Ningaloo Reef, the development of the bloom occurs when the MLD is 

deepening (Chapter 3). When the MLD deepens and the water column is mixed, the 

light available to phytoplankton becomes more variable and light can become limiting, 

in which case phytoplankton gross growth rates would decrease. This does not seem to 

be the case in the LC waters where MLDs ~100 m deep were observed. There is some 

evidence that some species will do better when exposed to multiple light cycles 

(Litchman 1998, Nicklish & Woitke 1999, Mitrovic et al. 2003) per day relative to more 

constant light. Some diatom species for example, may perform better under fluctuating 

light possibly due to their greater capacity to uncouple energy acquisition and growth 

(Terry et al. 1983). Results from this study showed that the deepening of the MLD that 

occurs in autumn off WA has an effect on phytoplankton gross growth but not grazing. 

This suggests that Behrenfeld’s hypothesis regarding blooms the deeply mixed water 

column of the North Atlantic occurring as a result of the decrease in encounter 
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rates between phytoplankton and grazers is unlikely to be a major factor in the autumn 

bloom observed off WA. The positive relationship between gross growth and MLD 

implies that the key mechanisms driving the phytoplankton growth in this region is the 

resupply of nutrients from depth (Chapter 3) and that in spite of the autumnal deepening 

of the mixed layer, the Ningaloo region remains photosynthetically positive.  
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Chapter 6 General discussion and conclusions  
 

This thesis was aimed at improving our understanding of biophysical coupling at 

different spatial and temporal scales, in particular focusing on processes occurring in the 

waters off Ningaloo Reef. Ningaloo Reef is Australia’s largest fringing coral reef 

system (~260 km long) (Taylor & Pearce 1999). Coral reefs have traditionally been 

regarded as a paradox with regard to their high rates of productivity in relatively 

nutrient-depleted tropical waters. While recycling of nutrients plays a key role in coral 

reef food-webs, it is increasingly evident that reefs must rely on the production, supply 

and incorporation of particulate matter from the ocean (Yahel et al. 1998, Fabricius & 

Dommisse 2000, Houlbreque et al. 2006). In the waters off Ningaloo Reef, Wyatt et al. 

(2010) identified that wave action and the dynamics of regional currents were the most 

important factors in determining plankton supply to Ningaloo Reef (Wyatt et al. 2010). 

Estimating the magnitude and variability of the potential food available to the reef, e.g. 

the particulate and dissolved matter in offshore waters is central to the sustainability of 

the reef system.  

Using an interdisciplinary approach, the seasonal variation in physical and 

biological parameters was assessed first at a mesoscale in the waters off Ningaloo Reef 

(Chapter 3). Using this information we designed a field sampling study (Chapter 4) to 

investigate the effects that the seasonal variation in physical parameters has on 

phytoplankton communities within this region. Finally in Chapter 5 the role of grazing 

on phytoplankton by herbivores was assessed and experiments were conducted 
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to provide greater understanding of the key mechanisms driving the phytoplankton 

dynamics in the waters off Ningaloo Reef.  

By combining satellite data, numerical model output and a historical data set of 

nutrient concentrations, the deepening of the MLD in the waters off Ningaloo Reef was 

shown to be the most significant physical mechanism responsible for driving the 

seasonal variation of phytoplankton concentrations in the waters off Ningaloo Reef. The 

regular deepening of the MLD observed in autumn coincided with an increase in 

dissolved nutrient concentrations in the surface waters, as well as an increase in the 

satellite-derived chlorophyll a concentrations in the vicinity of the reef. Sverdrup’s 

critical depth theory states that for a bloom to develop, the MLD must be shallower than 

the critical depth so that light is available for net production. In the waters off Ningaloo 

Reef, it was found that the MLDs were deeper than the critical depth at the time of the 

bloom development and therefore if Sverdrup’s critical theory held for this system, the 

bloom could not have occurred. Instead we propose that mixing may be relatively slow 

and not homogeneous throughout the MLD therefore allowing sufficient light for the 

development of a bloom. For a bloom to develop nutrients must be available at 

sufficient concentrations; however, grazing by predators can also control phytoplankton 

populations suppressing the development of a bloom. Theory suggests that a deepening 

mixed layer may result in a reduction in grazing pressure through dilution. The findings 

of this study showed that grazing rates did not decrease with the deepening of the mixed 

layer and therefore this theory did not hold for the waters off Western Australia during 

the study period. Instead growth rates were positively correlated with the MLD which 

further suggests that the mixed layer deepening is the key mechanism allowing net 

phytoplankton growth. The findings of this study show that there is likely to be 

substantial seasonal variation in the net production of offshore particulate matter and 
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that this is likely to impact on the productivity of Ningaloo Reef itself.  

We also identified that the MLD deepening was a result of a combination of 

increasing alongshore current and surface heat losses. The MLDs within the LC waters 

were significantly deeper than in the offshore water and presented a greater seasonal 

variation. Off south west WA, previous studies have reported the existence of an 

autumn phytoplankton bloom. However, off south west WA, the marine ecosystem is 

subject to a range of terrestrial anthropogenic nutrient stressors derived from 

agricultural, industrial and urban land use (Thompson & Waite 2003). Additional 

mechanisms of nutrients resupply have been suggested and include the resupply of 

nutrients to the euphotic zone via storms and eddies (Thompson et al. 2007, Koslow et 

al. 2008). Previous to this study it was still unclear which mechanism(s) triggered the 

autumn bloom off north west WA where anthropogenic stressors, river discharge and 

eddy kinetic energy are relatively small. In this study we have provided the first 

explanation for the existence of an autumn bloom off north west WA by demonstrating 

that it arises from the MLD deepening during this time of the year. This was further 

confirmed in the gross growth rates estimated by dilution experiments. Phytoplankton 

gross growth rates increased in the waters off Ningaloo Reef where the MLD deepened. 

This study is the first one to provide such details about the seasonal and spatial variation 

of the MLD and chlorophyll a concentrations off north west WA. Previous studies (e.g. 

Condie & Dunn 2006, Lourey et al. 2006) have provided some large scale variation 

using historical in situ data set but since these data were not spatially homogeneous, 

some features such as the MLD deepening off north west WA remained undetected 

and/or were smoothed out by averaging over a broad spatial scale. By improving our 

understanding of the mechanisms that drive both the MLD deepening and the increase 

in chlorophyll a concentration, we have made one step towards a better understanding 
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of the potential impacts of climate-driven events on the phytoplankton dynamics in the 

waters off Ningaloo Reef.  

This study also highlights the potential importance of regional currents on the 

temporal variation of bio-chemical parameters found adjacent to the reef. In autumn, 

when the phytoplankton are homogeneously distributed within the mixed layer, it is 

likely that wave-driven transport will move phytoplankton across the reef top more 

efficiently than if the phytoplankton were concentrated at 70 m deep in a thin layer 

(DCM). During spring and summer, vertical transport mechanisms (e.g., internal waves 

and/or wind-driven upwelling) would be needed to lift the thermocline and allow a 

portion of the chlorophyll a contained in the DCM to reach the front of the reef. By 

using a simple particle dispersion model we showed that the concentration of particles 

delivered to the reef changed considerably on a seasonal basis. Since the seasonal 

variation in chlorophyll a concentration is mainly determined by the MLD deepening in 

autumn, we can expect that a small change in the mechanisms driving the MLD 

deepening may result in an important decrease in the amount of particulate matter 

delivered to the reef in autumn. Climatic factors like El Niño and La Niña events are 

likely to influence MLD deepening and therefore influence the particle supply available 

to sustain the reef. We know that the LC transport decreases during El Niño events and 

therefore we would expect a shallower MLD, lower nutrient concentrations, lower 

chlorophyll a concentrations and decreasing concentrations of large-sized 

phytoplankton than during La Niña events. Therefore the conditions present during El 

Niño events may be less favourable conditions to feeding both pelagic and benthic, reef-

based, herbivores during autumn.  

Field sampling provided insights into the effects the seasonal variation in 

physical parameters had on the phytoplankton size structure. Large-sized phytoplankton 
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within the MLDs were more abundant in autumn compared to spring. Previous studies 

conducted in the waters off Ningaloo Reef focused on the spring and summer months, 

therefore the existence of the relatively greater concentration of large-sized 

phytoplankton in autumn compared to spring had remained undetected. The temporal 

variability in phytoplankton concentrations and size-structure off Ningaloo Reef is 

likely to have important implications for higher trophic levels. The presence of large 

phytoplankton favours a food-web leading to abundant herbivores (Ryther 1969). 

Ningaloo Reef is one of the few regions in the world where whale sharks congregate 

regularly. Each year, between March and June, whale sharks can be observed in large 

numbers close to the shore along the Ningaloo Reef. The abundance of whale sharks has 

also been reported to vary depending on the ENSO conditions (Wilson et al. 2001). It is 

thought that these aggregations of zooplanktivorous elasmobranchs are related to either 

a seasonal peak in zooplankton abundance (Taylor 1994) or behavioural changes in prey 

(schooling) that enhances their feeding (Wilson et al. 2001). The available evidence 

suggests that they aggregate off Ningaloo Reef to exploit a seasonal and localised 

abundance of food (Taylor 1994). In the waters off Ningaloo Reef, previous studies on 

zooplankton have focused on the summer and spring months (e.g. Wilson et al. 2002, 

McKinnon & Duggan 2003). We could not find any study demonstrating the existence 

of seasonality in zooplankton concentration off Ningaloo Reef. The increasing 

chlorophyll a concentrations may lead to increasing zooplankton concentrations which 

may explain the congregation period of whale sharks between March and June and 

during La Niña years. 

In the waters off WA, we estimated that between 40 and 70 % of the 

phytoplankton standing stock was grazed per day. Calbet and Landry (2004) estimated 

that on average microzooplankton consumed ~70 % of the phytoplankton standing stock 

in the open ocean world-wide. This means that the grazing by 
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microzooplankton has on average less impact in the waters off Ningaloo Reef compared 

to the rest of the open ocean. Off WA, grazing by microzooplankton had only been 

assessed previously at ~32°S on a ~85 km transect in summer and within an eddy at 

~31°S in spring (Paterson 2006). This study provided the first quantification of the 

proportion of primary production being transferred to herbivores at a mesoscale in the 

waters off WA in autumn. We have also provided an insight into the potential role 

grazing by microzooplankton may have in the formation and persistence of the DCM in 

the waters off WA. 

We suggest that future studies aim at understanding and quantifying the variability 

in MLD and chlorophyll a concentrations between El Niño versus La Niña events in the 

waters off Western Australia. We would expect that during El Niño events, when the 

alongshore current has been reported to decrease, the MLD would be shallower and this 

would result in lower nutrient concentrations in the surface waters and therefore lower 

phytoplankton concentrations. In Appendix C, we attempted to assess whether changes 

in the SOI in the last decade coincided with changes in MLDs and chlorophyll 

concentrations. Although there was a significant (p<0.05) trend between annual MLD 

average and annual chlorophyll a concentration, the SOI did not increase uniformly 

with chlorophyll a concentration. We can postulate several reasons for why the relation 

between SOI and MLD or chlorophyll concentration may not be straightforward. First, 

working with annual averages can be problematic since El Niño or La Niña events do 

not necessarily start in January. For example, the first 4-5 months of 1998 were the end 

of the strongest El Niño of the past decade. In July 1998, the situation reversed and La 

Niña conditions started to develop. Using an annual average of 1998 could obscure 

some of the effects that El Niño and La Niña conditions have on the physics and 

biology of the waters off Ningaloo. On the other hand, if we were to use monthly data, 

one could expect a certain delay between the change in SOI, the change in 
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MLD and the effect of these changes on the phytoplankton concentration. The results in 

Appendix C are therefore speculative and would need to be confirmed by future studies. 

Finally, although we did some estimate of the primary production being transferred to 

the herbivores, other studies should try to incorporate various level of the food chain 

with a focus on the species that have been shown to be positively or negatively 

correlated with the LC strength.  
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A.1. Abstract 

New observations along the continental shelf of Western Australia provide a 

novel explanation for the established ~60 y relationship between LC strength and 

greater nitrate concentrations at 32°S, the seasonal, shelf-scale, phytoplankton bloom 

and the inter-annual variability in regional phytoplankton biomass. The potential 

sources of dissolved nitrogen to support phytoplankton growth were identified as thin 

layers of an unprecedented areal extent, nitrate concentration and shallow nature. We 

propose that the dissolved inorganic nitrogen (DIN) that supports the development of a 

shelf scale phytoplankton bloom arises by three mechanisms from these layers.  During 

the onset of the annual phytoplankton bloom along the west coast of Australia 
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from 22°S to 34°S the poleward flowing Leeuwin Current (LC) was clearly evident as a 

surface intensified ocean boundary current transporting warmer, lower-salinity, greater-

silicate waters in a shallow mixed layer rapidly southward. Between 24°S and 26°S the 

core of the LC was present as a 50 to 100 m deep layer over one or more thin layers, 15 

to 50 m thick, with high nitrate and low dissolved oxygen (DO). These layers were of 

lower salinity, cooler water with markedly reduced DO, high nitrate concentrations and 

distinct nitrate:silicate (NO3:Si(OH)4) nutrient ratios. As the LC flowed south it cooled 

and deepened thereby entraining the thin layers of high nitrate water into the euphotic 

zone. The LC also formed large (>100 km) warm core eddies with a deep surface mixed 

layer that also entrained nitrate from these thin layers. In some locations as far south as 

32°S the LC was still present with the thin layer of high nitrate intact but now within the 

euphotic zone. Thus, the available evidence suggests the LC arises under conditions that 

favour rapid and shallow nitrification. This nitrification fuels a shelf scale bloom on a 

downwelling favourable coast. Depending upon the rate of nitrification the source of the 

particular organic matter may be local or delivered from the tropics via horizontal 

advection in a subsurface layer of the LC.  

Key words: nutrients; phytoplankton bloom; Australia; nitrification; eddy; vertical 

mixing; thin layers.  

A.2. Introduction 

The central gyre of the Indian Ocean from 5°S to 45°S is amongst the world’s 

most oligotrophic regions with a very low standing stock of phytoplankton (Polovina et 

al. 2008). Previous phytoplankton ecologists have indeed described the eastern Indian 

Ocean as a desert (Wood 1964).  The region of the eastern Indian Ocean along the west 

coast of Australia experiences a midwinter peak in phytoplankton biomass (a bloom in 

the desert) that spans >15° of latitude and extends from the coast to several hundreds of 
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kilometres offshore (Moore et al. 2007). The source of nutrients to support this bloom 

has been the subject of considerable debate with several hypotheses being advanced 

(Feng et al. 2009) including the Leeuwin Current (1

The Leeuwin Current arises due to geostrophic transport from the Indonesian 

Throughflow that generates an alongshore steric height gradient, sufficient to overcome 

the equatorward wind stress and suppress the Ekman driven upwelling, thus limiting the 

supply of nutrients to the surface waters (Pearce, 1991). Off the west coast of Australia 

the buoyant Leeuwin Current (LC) flows strongly poleward at the surface along the 

shelf break, peaking at 7 Sv in midwinter (Feng et al. 2003) and covering much of the 

region with a thin layer of warm, relatively fresh water. Relative to the surrounding 

waters the LC carries greater concentrations of silicate and phosphate but concentrations 

of dissolved inorganic nitrogen (DIN) remain low through winter (Johannes et al. 1994, 

Lourey et al. 2006) suggesting that the growth of phytoplankton in these shelf waters is 

limited by the availability of nitrogen.  

LC), a coastal source (Dietz et al. 

2009), upwelling (Hanson et al. 2005), deep mixing associated with eddy formation 

(Waite et al. 2007), or seasonal cooling that results in deepening of the seasonal 

thermocline and the entrainment of more nitrate into the euphotic zone (Koslow et al. 

2008). The magnitude of the annual west coast bloom is known to vary in proportion to 

the strength of the Southern Oscillation Index (Thompson et al. 2009) as does the 

strength of the Leeuwin Current (Feng et al. 2003); both are greater during La Niña 

events. These spatial and temporal patterns of variations in nutrients and phytoplankton 

concentration suggest that the strengthening LC somehow delivers more nutrients into 

the euphotic zone.  

                                                 
1 Abbreviations: Leeuwin Current (LC), low dissolved oxygen and high nitrate (LDOHN), dissolved 

inorganic nitrogen (DIN), particulate organic matter (POM), organic matter (OM), warm core (WC), cold 

core (CC), . diadinoxanthin (DD), diatoxanthin (DT), fluorescence (Fl).  
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Previous evidence for upwelling along the west coast of Australia is restricted to 

one location and one time of the year. In the south west corner of the continent during 

the summer period, when the Leeuwin Current is nearly nonexistent, strong northward 

winds can drive a cold Capes Current from the Capes Leeuwin and Naturaliste region 

(Pearce and Pattiaratchi, 1999). Localized Ekman-driven upwelling of cold deep water 

associated with the Capes Current is hypothesized as the basis of some localized 

increase in primary production (Gersbach et al. 1999, Hanson et al. 2005). There is little 

evidence for upwelling along other regions of the west Australian coast although it has 

been suggested as a possible mechanism responsible for the sporadically high rates of 

primary production observed at ~25°S (Hanson et al. 2005).  

At mid latitudes (~32°S) increased phytoplankton biomass and primary 

production were observed in deeply mixed warm core eddies (Thompson et al. 2007). 

The source of nitrogen to support these productive warm cores eddies was hypothesized 

to be entrainment from coastal waters (Greenwood et al. 2007, Dietz et al. 2009) or 

eddy induced upwelling (Waite et al. 2007). Previous studies of mesoscale variation off 

the west coast of Australia identified newly forming eddies to contain more nitrate in 

the euphotic zone (Paterson et al. 2008) and for mature eddies to contain greater 

phytoplankton biomass (Moore et al. 2007). Some component of the interannual 

variability in regional productivity must be associated with the greater mesoscale eddy 

energy during La Niña years (Fang and Morrow 2003, Feng et al. 2005) as a single 

warm-core (WC) eddy represents an increase of ~6000 tons in particulate organic 

carbon (Feng et al. 2007). The winter shelf (Thompson and Waite 2003) and eddy 

microplankton (Thompson et al. 2007) tend to be diatom dominated, a characteristic 

often associated with relatively deep mixing, low average irradiances and nitrate as the 

nitrogen source (Lomas and Glibert 1999, 2000, Litchman and Klausmeier 2001, 
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Litchman et al. 2004).  

At most locations around the world the average winter nitrate concentration is 

negatively correlated with sea surface temperature (e.g. Switzer et al. 2003, 

Kamykowski and Zentara 1985), but this is not true for west Australian shelf waters 

where warmer winter temperatures are associated with greater surface nitrate 

concentrations (Thompson et al. 2009). In most of the world’s oceans convective 

cooling and increased wind during winter acts to deepen the seasonal thermocline and 

resupply the euphotic zone with nutrients including nitrate (Kamykowski and Zentara 

1985). Off most of west Australia, however, the annual amplitude in the depth of the 

mixed layer reported to be only 10 m (Condie and Dunn 2006) which is a remarkably 

small seasonal deepening of the seasonal thermocline relative to these latitudes on the 

east coast of Australia (Condie and Dunn 2006) or the 100 m found in some regions of 

the ocean (Sprintall and Roemmich 1999). This small amplitude in mixed layer depth 

(MLD) may be associated with the winter flow of the buoyant LC. 

In this study we undertook a shelf scale survey off Western Australia during the 

period when Leeuwin Current flow was increasing and the annual primary production 

cycle was nearing its peak (May-June). In our search for the nutrient source to support 

this bloom we increased the spatial resolution of sampling relative to any previous 

research along this coast. Bottle samples for nutrient analysis were obtained at relatively 

narrow depth increments (≥10 m). Ultraviolet spectrophotometric detection of nitrate 

concentrations (Johnston and Coletti 2002) were undertaken as a component of most 

CTD casts giving ~1 estimate of nitrate concentration m-1. Cross-shelf sections of 

temperature, salinity, fluorescence, dissolved oxygen and transmission were collected 

via a towed, undulating CTD system. The nutrient concentrations in the euphotic zone 

(0–100 m) were examined and regions of greater concentrations investigated in detail 
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for potential sources and mechanisms of injection. Potential links between surface 

mixed layer nitrate concentrations and vertical mixing were investigated by considering 

the degree of stratification and evidence that the surface mixed layer was actively 

mixing.  

A.3. Materials and Methods 

A.3.1. Physics 

Onshore–offshore transects were conducted along each degree of latitude from 

34°S to 22°S along the west coast of Australia. In general CTD profiles were obtained 

at water depths of 25, 50, 75, 100, 200, 300, 500, 750, 1000, and 2000 m on each 

transect, with at least one station positioned to be in the middle of the LC. A total of 111 

stations were vertically profiled during the cruise using a Seabird SBE 911 instrument 

(CTD) to measure conductivity (converted to practical salinity units), pressure 

(converted to depth [m]) and temperature (°C). Most vertical profiles also contained 

photosynthetically active radiation (PAR, 400 to 700 nm, Biospherical Instruments 

QCP-2300), fluorescence (Chelsea Instruments Aquatracka™ fluorometer), % 

transmission (Wetlabs C–Star™), dissolved oxygen (Anderra 3975 series optode) and 

nitrate (Satlanic ISUS sensor) concentrations.  

The Seabird 911 conductivity sensor was validated against 184 bottle samples 

analysed for salinity and showed a small standard deviation of 0.002. These data were 

then averaged over 2 m depth increments. MLD was calculated using temperature and 

salinity (after Condie and Dunn 2006) as the depth at which the temperature was 0.4°C 

less than that observed at 10 m or salinity was 0.03 more than that measured at 10 m. At 

each station the MLD was the shallower of these two. From each CTD profile the 

gradients in temperature, salinity, dissolved oxygen, fluorescence and percent 

transmission were calculated from 0 to 50 m, 50 to 100 m and 100 to 150 m. 
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These gradients between different parameters were examined for associations (Pearson 

correlations) that might reflect consistency in vertical structure between parameters. 

They were also assessed for association with nitrate in the euphotic zone.  

A towed undulating body (Seasoar) was used to provide high resolution sections 

across the Leeuwin Current. A typical undulation was ~150 m requiring about 6 minutes 

and over a single transect across the LC provided hundreds of vertical profiles for 

temperature, salinity, dissolved oxygen, fluorescence and % transmission. The majority 

of transects between the inshore station at one latitude and the offshore start of another 

set of CTD stations along the next fixed latitude were surveyed by Seasoar, for 

example, the 150 km transect between the inshore station at 34°S (114.9°E) and the 

offshore station at 33°S (113.8°E). Continuous underway data recorded on the vessel, 

R/V Southern Surveyor, included surface PAR, wind speed, direction, surface 

temperature, salinity, fluorescence, bottom depth and ADCP measured current velocities 

from a vessel mounted RDI 70 kHz Ocean Surveyor Acoustic Doppler Current Profiler 

(ADCP) (Teledyne RD Instruments). The instrument was set to record from just below 

the ship (~10 m) to a maximum water column depth of 300 m and data were averaged in 

8 m depth bins. 

A.3.2. Chemistry 

Water samples (n ~ 851) from multiple depths (range 0 to 1949 m) from 111 CTD 

casts were analysed for nitrate, nitrite, ammonium, silicate and phosphate 

concentrations using Quick-Chem™ methods on a flow injection LACHAT® 

instrument as per the following protocols for nitrate + nitrite (Quik-Chem™ Method 31-

107-04-1-A; detection limit ~0.03 µM; adapted from Wood et al. 1967), silicon (Quik-

Chem™ Method 31-114-27-1-D; detection limit ~0.05 µM; adapted from Murphy and 

Riley 1962) and phosphate (Quik-Chem™ Method 31-115-01-1-G; detection limit 
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~0.02 µM; adapted from Armstrong 1951). Samples were analysed for ammonium on 

the LACHAT® instrument using the technique of Kerouel and Aminot (1997) adapted 

for flow injection, detection limit ~ 0.05 µM. The Satlantic ISUS™ sensor was included 

on CTD profiles <1000 m. Upcast nitrate profiles derived from in situ ultraviolet 

spectrometry (IN) were calibrated against bottle samples (BN) [BN = 1.22IN – 0.29; r2 

= 0.92], and were corrected for temperature dependant hysteresis (Johnson and Coletti 

2002) and individual cast offsets likely associated with thermal shock and/or false blank 

(dark voltage) on deployment.  

Dissolved oxygen (DO) concentrations from 162 bottle samples were measured by 

automated Winkler titration on a Metrohm 765 Dosimat™. These were compared with 

the Aanderra model 3975 optode fitted to the CTD system. In general, the optode 

showed good agreement with the chemically determined concentrations (Figure A. 1A). 

In particular the optode sensor did not underestimate chemically measured DO. A few 

chemical measurements were lower than those estimated by the sensor and these were 

not used in the calibration of the sensor. This early model optode had quite slow 

response times and possibly due to the thin layers of low DO water (sometimes less than 

10 m thick) there may not have been sufficient time for equilibrium at the vertical 

velocity of 1 m s-1 normally used during a CTD profile. In some regions narrow layers 

of low dissolved oxygen were at relatively shallow depths and most often below a 

strong pycnocline. In these regions the observed concentration of dissolved oxygen was 

compared with the solubility of oxygen for the prevailing conditions of temperature and 

salinity (Garcia and Gordon 1992).  
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Solubility was calculated as:  
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eqn. A.1. 

where the values for all A, B and C are constants given in Garcia and Gordon (1992), S 

= salinity (cm3 dm-3) and Ts is: 

Ts = ln[(298.15 - t)(273.15 + t)-1]      eqn. A.2. 

where t = temperature (°C) and DO is in µmol kg-1.  

Error!

 
Figure A. 1: A) Calibration of dissolved oxygen sensor on CTD with bottle samples 

determined by Winkler type titrations. B) Nitrate concentrations measured in bottle 

samples versus potential nitrate concentrations estimated assuming oxygen deficit was 

converted into nitrate at molar ratios of 6.6:6.6:1 for O:C:N. 

 
For the purpose of assessing the respiration represented by this subsaturation as a 

potential source of nitrogen, the organic matter (OM) was assumed to have 1:1 and 

6.6:1 ratios for O:C and O:N, respectively (Fraga et al. 1998) and the apparent oxygen 

utilization (AOU = theoretical 02 solubility - observed O2 concentration) was calculated 

from the classic "Redfield model" (Redfield, 1942). Over the depth range of 0–100 m 

the agreement between observed nitrate (bottle samples) and potential nitrate 

concentrations estimated from the respiration of OM by this method was reasonable (r2 
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= 0.48), especially at concentrations >0.3 µM nitrate (Figure A.1B). The slope of 1.71 ± 

0.08 (p < 0.001) suggests at least 60 % of the potential N remineralized over these 

depths was present in the water column as nitrate.  

A.3.3. Biology 

A variable number of stations were sampled for biological parameters in a 

manner designed to give approximately consistent cover of three regions at each degree 

of latitude. The regions were defined as inshore of the Leeuwin Current (~50 m deep), 

in the centre of the Leeuwin Current (~200 to 300 m deep) and offshore (1000 or 2000 

m deep).  Fifty four stations and 6 depths (n = 520) from 0 to <300 m were sampled and 

2 size fractions (>0.7 µm, collected on Whatman GF/F™ filters and >5 µm, collected 

on 5 µm Nitex™ mesh) were extracted in 90 % acetone overnight at -20°C and analysed 

for chlorophyll a on a calibrated Turner Designs model 10 AU fluorometer (Parsons et 

al. 1984).  

Two size fractions (<5 µm and >5 µm) were collected from three stations per 

latitude and 2 depths per station for analysed by high performance liquid 

chromatography (HPLC) to determine a suite of pigments using Waters® 

instrumentation (a Waters 996 Photodiode Array Detector, a Waters 600 Controller, and 

a Waters 717plus Autosampler). The HPLC system used an SGE 250 x 4.6 mm SS 

Exsil ODS (octodecyl silica) 5 µm column. Pigments were eluted over a 30 minute 

period with a flow rate of 1 ml min-1. The Van Heukelem and Thomas (2001) method 

was used which gave improved resolution to chlorophylls c1 and c2, and full resolution 

of monovinyl (MV) and divinyl (DV) chlorophylls a and b, lutein and zeaxanthin. Each 

solvent was pre-filtered through a Millipore HVLP 0.45 µm filter. The separated 

pigments were detected at 436 nm and identified against standard spectra using 

Empower™ software. Concentrations of the pigments were determined from standards 
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(Sigma® and purified pigments obtained from algal cultures).  

A.3.4. Rates of vertical mixing 

Typically wind stress or surface cooling are the major forces that increase mixing, 

weaken stratification and can increase the vertical transfer of nutrients into the euphotic 

zone. As pointed out by Huisman et al. (1999), however, even with vertical gradients in 

physical parameters that are small enough for a layer to be defined as mixed, the rate of 

vertical mixing can be so slow that chemical and biological gradients develop. 

Therefore the vertical gradients were assessed using temperature, salinity, DO, 

chlorophyll a fluorescence and phytoplankton pigments. The latter approach uses the 

physiological adjustment of phytoplankton to light as a very sensitive method to assess 

rapid vertical mixing. Cells rapidly adjust their cell quota of photoprotective pigments 

in response to variation in irradiance, or depth, and these pigments can be used to 

estimate how long cells have been away from the surface. Normalizing to chlorophyll a 

improves the precision of the estimate (Claustre et al. 1994, Moline 1998). The 

intracellular concentration of the photoprotective pigments diadinoxanthin (DD) and 

diatoxanthin (DT) photoacclimate on a time scale of minutes to hours (Brunet et al. 

2003). If the rate of vertical mixing is relatively rapid then the observed difference 

(DD+DT)/Tchl a over a change in depth (∆z) will be small relative to changes observed 

in a more stable water column. The vertical displacement velocity in the euphotic zone 

can be calculated from: 
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      eqn. A. 3. 

where k is the first-order rate constant for the photoacclimation parameter of choice, Rt 

is the parameter at time t, R0 is the same parameter at time zero, R∞ is the parameter 

after an infinite time of photoacclimation, and ∆z is the vertical distance between the 
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surface and the depth of 1 % surface irradiance (after Falkowski 1983). For the purpose 

of calculating mixing rates the lowest observed value of (DD+DT)/Tchla was selected 

as R∞. A k value of 0.5 h-1 was adopted from the literature (Claustre et al. 1994, Moline 

1998, Brunet et al. 2003).  

A.4. Results 

A.4.1. Background and study area 

The cruise commenced on May 15th 2007 just prior to the onset of austral winter 

and, as anticipated, we sampled as the regional phytoplankton bloom approached its 

annual maximum (Figure A. 2A). Relative to climatology, the phytoplankton bloom in 

2007 in the study region (111°E to 116°E and 35°S to 21°S) was 30 % less than normal 

(1997-2010). Shipboard ADCP showed considerable current velocities (~1 m s-1) along 

the entire coast, mostly in the southward direction, but strong northwards flow were 

observed in some locations (Figure A. 2B). Remotely sensed estimates of sea surface 

height and sea surface temperature showed the LC flowing southward at this time and 

the presence of anticyclonic (warm core) eddies at ~23, 28, 31 and 34°S (Figure A. 2A). 

Daily updates from remote sensing were used to aid navigation during the research 

voyage including the facilitation of a complete east-to-west transect through the large 

warm core eddy between 31°S and 32°S.  
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Figure A. 2: (A) Composite of sea surface height (white lines at 0.1 m contours), sea 

surface temperature and current velocities estimated from calculated geostrophic flow 

(David Griffith, pers. comm.) for May 22 2007. (B) Cruise track and shipboard ADCP 

estimates of current velocities in upper 8m. (inset C) Seasonal chlorophyll a from SeaWiFs 

(R2009) for 2007 and climatology (1997 to 2010) for region in panel B.  Cruise duration is 

shown by solid vertical lines. 
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A.4.2. General overview of nutrient results 

Positive outliers of nitrate, nitrite and ammonium concentrations (from bottle 

samples obtained from the 111 CTD casts) from within the euphotic zone (~0 to 100 m) 

and depth averaged (0 to 100 m) were used to identify areas where significant nutrient 

concentrations intruded into the euphotic zone. Further analysis of the environment, 

including several methods of estimating vertical mixing, were used to investigate 

potential mechanisms that might supply this dissolved nitrogen to the euphotic zone. 

Nitrate was the most abundant dissolved inorganic N species. Over all depths (0 to 2000 

m) the average nitrate concentration was 3.0 µM followed by 0.15 µM for ammonium 

and 0.08 µM for nitrite. Over the entire cruise, but restricted to the euphotic zone 

(defined here as 0 to 100 m), the average ± SD nitrate (NO3), silicate (Si(OH)4) and 

phosphate (PO4) concentrations were 0.26 ± 0.46 µM (n = 550), 2.42 ± 0.71 µM (n = 

531) and 0.076 ± 0.046 µM (n = 536), respectively. Nutrient concentrations tended to 

co-vary with depth and with each other; NO3, Si(OH)4 and PO4 reaching >30, >100 and 

>2 µM respectively, at 1000 m (Figure A. 3). The relative availability of dissolved 

macronutrients deviated significantly from the Redfield (1963) ratios of 16:16:1 

(N:Si:P) required by phytoplankton. The excess of Si(OH)4 over NO3 was considerable, 

and over all depths, only 11 % of samples had N:Si ratios greater than Redfield (>1) 

while 63 % of all measurements were <0.1 or less than Redfield by a factor of 10 

(Figure A. 3). In the case of PO4 the excess relative to NO3 was still extreme, albeit 

differently distributed. Only 0.6 % of all measurements exceeded Redfield (N:P>16) 

while 34 % of all measurements were 10 times less than Redfield (Figure A. 3). The 

average euphotic zone nitrate concentration (0.26 µM) and ratios for dissolved 

inorganic NO3:Si(OH)4:PO4 of ~ 3:30:1 suggest the likelihood of extreme N limitation 

with both Si and P available to phytoplankton in relative excess. The euphotic zone had 
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just 20 measurements, or 3.8 % of all observations, of ≥1 µM nitrate. These locations 

are investigated further below.  

 

 

 

 

 

Figure A. 3: Nutrient concentrations measured during 111 CTD casts over depths from 

the surface to 2000 m with just 20 nitrate concentrations above 100 m ≥1µM. Lower 

panels show histograms for frequency of NO3:Si(OH)4 or NO3:PO4 ratios versus number 

of observations on log10 scales with dashed vertical lines representing Redfield ratios and 

dotted lines Redfield/10. Note the majority of samples are greater than 10 times below 

Redfield indicating the likelihood of severe nitrogen limitation. Lower right panel shows 

nitrate versus silicate with the unusual combination of high nitrate and low silicate 

concentrations that are found just under the Leeuwin Current (in the ellipse).  
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A.4.3. North to south description of nutrient sources in the Leeuwin Current 

Several features of the LC are described in detail to elucidate the important 

sources of nutrients and the processes that deliver these to the euphotic zone. At 22°S 

the continental shelf is very narrow with a prominent low DO layer observed at ~175 m 

depth (Figure A. 4). This low DO was associated with low salinity water and markedly 

elevated nitrate concentrations (~8 μM) relative to the water above (mean bottle 

samples NO3 = 0.15 ± 0.08 μM). Below this low DO layer, the nitrate concentration 

went through a minimum at 250 m before increasing again at depths >350 m. At 22°S 

the mixed layer was relatively deep (Figure A. 5C) reaching 170 m at the shelf break, 

considerably deeper than the ~40 m at 23°S and most locations further south. High rates 

of vertical mixing were implied by the lack of photoacclimation in photoprotective 

pigments especially at 22°S (Figure A. 5C). The satellite altimetry data reveal the 

presence of a nearshore, cyclonic or cold-core (CC) eddy at 22°S at the time of 

sampling (Figure A. 2A) a likely factor in accelerating the LC and the deepening of the 

mixed layer. The upper 150 m had a NO3:Si ratio of ~0.03 that increased to 0.77 in the 

low salinity, high nitrate layer found at ~150 m. The phytoplankton within the eddy 

were deeply mixed reaching nearly 170 m.  

At the offshore end (~1000 m depth) of the 3 transects at 23, 24 and 25°S there 

was considerable nitrate (~5 µM) present relatively deep (50 to 100 m) in the euphotic 

zone (Figure A. 5A, 6). Here the Leeuwin Current (LC) was strongly evident as a warm 

(~25°C), low salinity (35.2) and high chlorophyll a (fluorescence) water mass from the 

surface to ~85 m at 24°S (Figure A. 6). This surface layer of high velocity, warm, low 

salinity water is considered as the defining feature or core of the LC. Further south, at 

25°S and still offshore the LC temperature, salinity and fluorescence characteristics 

were similar but the high-velocity surface layer was shallower reaching only to a depth 
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of ~50 m at 25°S (Figure A. 6). Sharp temperature, salinity, fluorescence, dissolved 

oxygen (DO) and nutrient gradients were present and below this layer there was a cooler 

and fresher layer with low DO and high nitrate. At 24°S, and especially at 25°S, it was 

evident that the concentrations of nitrate did not increase uniformly with depth in 

association with decreasing temperature and increasing salinity (Figure A. 6). At 24°S 

nitrate concentrations reached 8.8 µM at 160 m. Nitrate concentrations fell with depth to 

a minimum at ~250 m and then rose steadily towards the seafloor (Figure A. 6). At 25°S 

the nitrate concentrations were 5.5 µM at 88 m, declined to near zero before a second 

peak at 205 m, declined again towards 250 m before eventually rising with depth. The 

horizontal layering of waters with distinct differences in density and fluorescence, 

nitrate and DO strongly suggest that the greater nitrate concentrations in these layers 

were not generated by vertical mixing from greater depth. 

 

 

 

 

 

 

 

Figure A. 4: A section at 22°S from near shore to 1000 m water depth showing 

contours for dissolved oxygen (µM). Stations were undertaken at triangles. Solid white 

line is the vertical profile from nitrate sensor at the offshore station (113.7°E) with 

concentrations from bottle samples (X). Dashed white line is vertical profile for 

chlorophyll a (from calibrated fluorescence) at mid shelf station (113.8°E).  
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Figure A. 5: Depth integrated (0 to 100 m) nutrient concentrations, estimated rates of 

vertical mixing, cruise track, CTD stations and mixed layer depths. (A) contours for 

depth averaged (0–100 m, bottle samples, n ~ 6) nitrate concentrations (µM) and bubble 

plot of all nitrate concentrations (bottle samples) from 0 to 100 m (bubble size is 

proportional to concentration). Line between 30°S~115°E and 29°S, 113.2°E is seasoar 

section shown in Figure A. 8. (B) Cruise track (black line), contour plot for depth 

averaged (0 to 100 m, bottle samples, n ~ 6) ammonium concentrations (µM). (C) 

Contour plot of mixed layer depths and bubble plot of estimates of mixing rates (cm s-1) 

based on ratios of photoprotective pigments. 
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Figure A. 6: CTD profiles at 24°S, 25°S and 31°S. All three panels have identical scales. 

NO3 estimate is the potential nitrate concentration estimated if apparent oxygen 

utilization was converted into nitrate at molar ratios of 6.6:6.6:1 for O:C:N. Arrows 

indicate layers of low dissolved oxygen and high nitrate at relatively shallow depths. At 

24°S there is a broad peak in nitrate and low DO from 100 to 250 m. At 25°S there are 

similar layers between 50 and 100 m and again between 150 and 250 m. At 31°S the LC 

had deepened to 100 m and no layers of low DO & high nitrate were observed. In all 

instances high fluorescence was observed in the LC. 
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All of the shallow layers of unusually high nitrate were closely associated with a 

decline in DO. The bottle samples analysed for nitrate showed very good agreement 

with the concentrations estimated by the ISUS sensor but the vertical resolution 

achieved by the latter made the relationships between DO and nitrate much more 

evident in these relatively thin layers. For these profiles the apparent oxygen utilization 

(AOU = theoretical O2 solubility - observed O2 concentration) was calculated from the 

classic "Redfield model" (Redfield, 1942). Theoretical solubility was calculated after 

Garcia and Gordon (1992). These AOUs were then converted into potential DIN 

assuming respiration of phytoplankton biomass with Redfield (Redfield 1942) ratios of 

C:N and O:C of 1:1 (Fraga et al. 1998). The predicted DIN concentrations closely 

replicate the vertical patterns in nitrate concentrations with only minor overestimations 

in DIN relative to the measured nitrate values (Figure A. 6). Thus these relatively 

shallow (75 to 150 m) peaks in nitrate concentrations were potentially generated by 

particulate organic matter (POM) remineralized near the base of the LC.  

The availability of dissolved inorganic nitrogen to phytoplankton in the euphotic 

zone at 24°S and 25°S could be assessed from the 6 bottle samples analysed for 

nutrients between 0 and 100 m. At 25°S the depth-averaged nitrate was 0.92 ± 2.2 µM 

while nitrite was 0.04 ± 0.07 µM and ammonium was 0.01 ± 0.009 µM. Similarly, at 

24°S depth-averaged nitrate was 1.0 ± 2.2 µM while nitrite was 0.01 ± 0.01 µM and 

ammonium was 0.007 ± 0.005 µM. Thus nitrate was 25 to 100 times more abundant in 

the euphotic zone as a potential source of DIN for phytoplankton growth in this 

northern region.  

Over the entire cruise and within the euphotic zone (0 to 100 m) ammonium was 

rarely (only 13 of 405 measurements) observed at concentrations >1 µM. These few 

observations of >1 µM ammonium resulted in depth-averaged values (0 to 100 m) of 
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>0.3 µM NH4 between 29°S and 32°S and 113 to 114.5°E (Figure A. 5B). For example 

at 31°S and in 1000 m water, the euphotic zone (0 to 100 m) had a depth-averaged 

concentration of 0.78 µM NH4 and 2 measurements of >1 µM NH4 (Figure A. 6, 31°S). 

At this location the euphotic zone nitrate concentrations were also elevated relative to 

inshore and relatively constant from 0 to 100 m at 0.33 ± 0.02 µM. The LC was present 

as a deeper (~125 m) isothermal and isohaline feature that was significantly cooler and 

saltier than further north. Depth-averaged, euphotic zone nitrate concentrations showed 

a strong pattern of greatest concentrations along the shelf break with lower 

concentrations found closer to shore or further offshore (Figure A. 5A). These shelf 

break stations were selected to coincide with the centre of the LC as determined from 

Seasoar sections and real time underway surface data. The shelf break stations had 

depth-averaged euphotic zone (0–100 m) nitrate concentrations consistently in the range 

of 0.15 to 0.30 µM NO3 in the vicinity of the LC. Based on the salinity and temperature 

derived estimates of MLD these shelf break stations with greater depth-averaged nitrate 

concentrations were generally not areas of particularly deep vertical mixing (Figure A. 

5B). Due to the presence of the LC along the shelf break between 23°S and 33°S the 

MLDs were mostly quite shallow averaging ~40 to 60 m. In general a surface mixed 

layer depth of 60 m is not sufficient to entrain nutrients from below the seasonal 

thermocline in these locations.  

Except in the warm core (WC) eddy at 31°S–32°S there were no locations where 

gradients in all parameters were weak from 150 m to the surface suggesting no active, 

deep mixing was occurring (data not shown). Vertical gradients from 50 m to the 

surface were relatively weak in all parameters in only a few isolated locations: at 22°S, 

offshore at 23°S and the WC eddy at 31°S-32°S. These gradient and their interpretation 

as indicators of vertical mixing were broadly consistent with those estimated from 

(DT+DD)/Tchl a. There were relatively few stations where, based on the ratio 
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of (DT+DD/Tchl a), rates of vertical mixing were rapid, ~10 cm s-1 between the 

chlorophyll a maximum and the surface.  Relatively greater rates of vertical mixing 

between the surface and chlorophyll a maximum were observed near shore at ~22°S and 

from there within the LC to 24°S, at ~31°S including in the warm core eddy (31°S, 

112.7°E) and near shore at 33°S and 34°S. Excluding the warm core eddy at 31-32°S 

(see later) there was relatively little coherence in the patterns of elevated euphotic zone 

nitrate concentrations and observations of relatively rapid vertical mixing (Figure A. 

5A, B, C) between the depth of the chlorophyll a maximum and the surface. Over the 

entire research voyage vertical gradients in temperature, salinity, DO, fluorescence and 

percent transmission over 0 to 50 m, 50 to 100 m and 100 to 150 m were highly 

correlated (Table A. 1). In particular gradients in fluorescence were correlated with % 

transmission (p = 2x10-17). Fluorescence gradients were also positively correlated with 

temperature but negatively with salinity gradients suggesting that fresher, warmer 

waters at the surface were important factors for the initiation of this shelf scale bloom 

(Table A. 1).  

Table A. 1: Correlation coefficients for gradients (∆) in selected physical, chemical and 

biological water properties. For each station the change in property (∆) was calculate 

from surface to 50 m, from 50 to 100 m and from 100 to 150 m. For each property the 

correlation (r2), probability (p) value, number of samples are given in italics, normal 

and bold, respectively. Highly correlated properties have similar vertical structure.   

 Dissolved 
oxygen 

Salinity Temperature % 
transmission 

Fluorescence 0.0969 
0.160 
212 

-0.208 
0.00231 
212 

0.376 
0.0000000163 
212 

-0.537 
2.3x10-17 
214 

Dissolved 
oxygen 

 0.208 
0.00233 
212 

0.0750 
0.277 
212 

-0.135 
0.0494 
212 

Salinity   0.00234 
0.973 
212 

0.219 
0.00136 
212 

Temperature    -0.167 
0.0149 
212 
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A significant deepening of the surface mixed layer was most obvious in the LC 

meander that was forming a warm core (WC) eddy during the early portion of the 

cruise. This feature had formed a detached eddy and was moving south east at ~ 7 km d-

1 between May 16 and May 31 2007. We sampled across this eddy on May 22 at 31°S 

and 112.7°E where the mixed layer depth reached ~160 m. This newly formed and 

strongly rotating feature with a diameter of >100 km was slightly less saline and slight 

colder than core LC water and had a much deeper surface mixed layer depth than the 

surrounding water masses (Figure A. 5B). Within this eddy a very large injection of 

nitrate into the euphotic zone had occurred. Relative to the surrounding non-LC water 

the eddy was warm, fresh, had high concentrations of nitrate and low concentrations of 

dissolved oxygen (Figure A. 7). The adjacent surface waters had nitrate concentrations 

ranging from 0.1 µM to below detection limit while across the eddy surface nitrate was 

0.42 to 0.80 µM. A reflection the general surplus of Si over N along the west coast of 

Australia in both the surface LC and adjacent surface mixed layer is the low molar 

NO3:Si ratios with an average of 0.03 over 0–50 m. Shoreward of the LC there was no 

source of nitrate (Figure A. 7). In sharp contrast the WC eddy had NO3:Si ratios about 

10 times greater, ~0.25. The core of the LC upstream of the eddy also had NO3:Si ratios 

a long way below 0.25. Based upon our observations it is not possible to create a WC 

eddy with these N:Si and DO characteristics using water derived from shoreward of the 

Leeuwin Current (i.e. coastal), from the core of the LC or from any other shallow water 

mass in the vicinity of the eddy. Underneath the eddy there are water masses with 

greater nitrate concentrations and high N:Si ratios but there is a very significant density 

gradient between these and the eddy suggesting vertical mixing is not very significant. 

Relative to the WC eddy at 31°S with its relatively high nitrate and low DO, the eddy 

observed at 22°S had these characteristics mostly isolated below it  
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Figure A. 7: Section along 31°S transect showing (A) buoyant Leeuwin Current water 

at the shelf edge, ~114.8°E; also an eddy at ~112.6 °E (density, sigmat = kg m-3 -1000). 

(B) dissolved oxygen (µM). (C) nitrate (µM, from calibrated ISUS sensor). (D) 

NO3:Si(OH)4 ratios. The only observed source of water with high nitrate, low dissolved 

oxygen and high NO3:Si(OH)4 ratios was ~100 m deep under the Leeuwin Current 

upstream of the eddy (white crosses indicate bottle samples and profile location).  
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High resolution sections just upstream of the 31°S eddy show the LC was not 

homogenous but consisted of multiple ‘streams’ of differing characteristics (Figure A. 

8). The surface mixed layer was ~100 m deep and centred at ~113.8°E. Below this was 

a thin layer of intermediate salinity and low DO between 100 and 150 m (Figure A. 8). 

This thin layer was similar to the low DO, high nitrate, unusual NO3:Si observed just 

below the surface layer of the LC at 23, 24 and 25°S (Figure A. 5). The thin layer was 

modestly cooler and fresher than the water above or below it (Figure A. 5, 8). The high 

resolution sections obtained by Seasoar show this feature to be constrained to 

immediately below the core of the LC between 29°S and 30°S and not an intruding 

water mass from onshore or offshore (Figure A. 8). The Seasoar section also shows a 

very high degree of spatial variability in the phytoplankton biomass (Figure A. 8). 

Outside the LC and offshore there is a deep chlorophyll a maximum at ~75 m. Moving 

across the LC the principal orientation of spatial variability within the euphotic zone is 

no longer vertical but has become strongly horizontal. Therefore, within the relatively 

homogenous surface mixed layer of the LC the distribution of phytoplankton biomass 

shows considerably more horizontal structure than further offshore.  
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Figure A. 8: Section composed from hundreds of CTD profiles made by the Seasoar 

towed from inshore at 30°S, 114.6°E to offshore at 31°S, 113.3°E (see Figure A. 5A). 

(A) is temperature (°C), (B) is salinity, (C) is chlorophyll a from calibrated fluorescence 

(D) is dissolved oxygen (µm L-1) from sensor. A layer of low (~180 µm L-1) dissolved 

oxygen between 60 and 120 m is clearly evident under the warm water of the Leeuwin 

Current and discrete from onshore or offshore waters. 

 

Considering a longitudinal section along the shelf break (200 to 300 m), 

approximately the middle of the LC, at 22°S LC salinity is <35.2 and the temperature 

>25.3°C at the surface (Figure A. 9). By the time the LC reached 34°S it had cooled 

~4°C to ~21.5°C and increased its salinity by 0.5 to >35.7. This section along the LC 

also shows the mixed layer depth was shallow at 26°S and increased north and south of 

this latitude. It is clear that the LC had lost enough heat and gained enough salt that it 

became similar in density to the water immediately below it at >26°S (Figure A. 9).  



          Appendices 

 183 

Temperature (°C)
22

2222
22

22
23

23
2324

24

25

25 21

21
21

21
21 20 20

20
20 19

343230282624

de
pt

h 
(m

)

0

50

100

150

200
Salinity

35.4

35.4

35.3

35.3

35.2

35.5

35.5

35.5

35.2

35.6
35.6

35.6

35.7

35.735.7
35.7

35.8

35.8

343230282624

de
pt

h 
(m

)

0

50

100

150

200

Chla (µg l-1)

0.05

0.05

0.050.05

0.05

0.10
0.10

0.100.10

0.10

0.15

0.15

0.00
0.00 0.00

0.15
0.15

0.15 0.20
0.20

0.20
0.25

0.25

0.00

343230282624

de
pt

h 
(m

)

0

50

100

150

200
DO (µM)

195
195

200

200

205

205

210
210

210

210

210

205

215

210

215
220

215

225220

220

Latitude (°S)

34323028262422

de
pt

h 
(m

)

0

50

100

150

200

Nitrate (µM)

0.9

0.6 0.6
0.6 0.6

0.6
0.6

0.3 0.3
0.3 0.3

0.3
0.3

0.9 0.9
0.9

0.91.8
1.8

1.81.5
1.5

1.5
1.2 1.2

1.2
2.1

2.1
2.1

24 26 28 30 32 34

de
pt

h 
(m

)

0

50

100

150

200

 

Figure A. 9: Longitudinal section along continental shelf edge (200 m) showing 

vertical gradients of temperature, salinity, nitrate, fluorescence (Chl a) and dissolved 

oxygen (DO). One or more vertical profiles at each degree of latitude were used to 

construct the contours. Top panel shows mixed layer depth at individual stations as a 

bar (-) and joined by a dotted black line. 
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As the LC erodes into the thin layer of high nitrate water immediately below 

these nutrients are mixed higher into the euphotic zone. Thus the source of nitrate in the 

LC water south of 28°S and the source of nitrate and low DO in the eddy seems likely 

to be the entrainment of this deeper water into the surface mixed layer of the LC. At 

most sections south of 28°S the deeper LC showed modestly enhanced concentrations 

of nitrate throughout the surface mixed layer. Some locations, however, retained the 

structure of a thin layer of high nitrate and low DO even as far south as 32°S (Figure A. 

10). At this latitude the section shows a thin layer of high nitrate, low DO that is not 

well separated from a surface LC by significant stratification but contained within the 

surface mixed layer of the LC. South of 28°S and near the Abrolhos Islands there was a 

broad rise in euphotic zone ammonium concentrations to a depth averaged ~0.3 µM 

(Figure A. 5). In these areas the euphotic zone ammonium concentrations also showed 

considerable variation with depth (Figure A. 6) but often tended to be greater than 

nitrate at latitudes between 29°S and 32°S. The longitudinal section (Figure A. 9) along 

the shelf edge shows these latitudes to overlap with the peak in chlorophyll a 

concentrations between 28°S and 34°S.  

At the southern end of the western continental shelf the oceanography was 

complex. There was a cold core eddy near 114°E (Figure A. 2) and considerable 

meandering by the LC which was still evident as an increase in sea surface temperature 

relative to ~21.2°C (Figure A. 2). Shoreward of the LC the surface temperature dropped 

to 20.2°C and the mixed layer extended all the way to the seafloor while the rate of 

vertical mixing was relatively high (Figure A. 11 and 5, respectively). At these near 

shore locations the concentrations of NO3 were unusually homogeneous and the greatest 

surface concentration observed throughout the voyage, found at the shallowest station 

(~50 m, Figure A. 11). Surface silicate concentrations were high but across the entire 

transect (n = 8) where they averaged 2.11 ± 0.1 (SD) µM. The near-shore 
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depth-averaged (0 to 41 m) N:Si ratios were also high (0.43, SD = 0.030) and consistent 

with the values found under the core of the LC. The near shore dissolved oxygen 

concentrations were close to saturation at 228 µM L-1 suggesting they must have 

become oxygenated.  
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Figure A. 10: Sections at 32°S from near shore to 1000 m water depth. (A) Nitrate 

section from sensor showing thin layer of high nitrate under core of Leeuwin Current. 

(B) Dissolved oxygen section with low dissolved oxygen at base of LC, (C) 

Temperature showing LC generally warmer than inshore or offshore at this latitude, (D) 

Salinity section showing some modest stratification at ~60 m depth in the LC. Red 

triangles indicate locations of CTD profiles. 
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Figure A. 11: Section at 34°S. (A) shows contoured density (sigma t, density in kg m-3 -

1000). (B) shows contoured nitrate (µM) from ISUS sensor. Red triangles show 

locations of CTD profiles.  

 

A.5. Discussion 

Unlike most eastern boundary currents the LC arises in the tropics and is warm, 

fresh, buoyant, geostrophically-driven and poleward flowing. During winter the LC is 

easily identifiable as a ~50 to 100 m deep layer of uniform temperature and salinity with 

high silicate, phytoplankton and low DIN moving rapidly southward off the west coast 

of Australia. In spite of its apparently low DIN the peak in LC flow coincides with a 

shelf scale bloom over ~500,000 km2 (Moore et al. 2007). The source of nitrogen to fuel 

the annual shelf-scale bloom has been hypothesized to be from the pool of dissolved 

inorganic nutrients found below the seasonal thermocline and brought into the euphotic 

zone via enhanced vertical mixing possibly associated with autumnal deepening of the 
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surface mixed layer (Feng et al. 2009). More LC flow during La Niña years (positive 

SOI) is associated with increased fisheries production (Caputi 2008, Caputi et al. 2001) 

and greater phytoplankton biomass (Koslow et al. 2008) along the west Australian 

coast. Based on 40 years of monthly data on the continental shelf the warmer water 

during winter is correlated with greater nitrate concentration (Thompson et al. 2009), a 

trend that is the reverse of those found in most other locations (Switzer et al. 2003).  

During the 2007 cruise there was no evidence that deep mixing into the seasonal 

thermocline was the dominant mechanism supplying nutrients to eddies or the euphotic 

zone south of 23°S. On the contrary the most likely source of nutrients to support the 

Australian west coast bloom was a thin layer of water with low dissolved oxygen and 

high nitrate concentrations (LDOHN) immediately under the core of the Leeuwin 

Current. A similar thin layer of low DO at about 200 m has been reported in the Indian 

Ocean from 0 to 25°S at 75°E (Wyrtki 1971, Warren 1981), by Rochford (1969) at 

110°W and under the northern region of the LC by Woo and Pattiaratchi (2008). 

Offshore of NW Australia this LDOHN layer was found as shallow as 50m and well 

separated from the nitrate found below the seasonal thermocline by depth and 

substantial differences in density (herein). Similarly, at low latitudes, the low DO layer 

was clearly distinct from water above by very strong gradients in temperature, salinity 

and fluorescence (herein, Woo and Pattiaratchi 2008). Within the LDOHN layer the 

apparent oxygen utilization was stoichometrically sufficient to provide the observed 

concentrations of nitrate and suggests relatively high and rapid rates of particulate 

organic matter (POM) decomposition may supply this DIN. The very sharp gradients in 

physical and biogeochemical parameters indicate very little vertical mixing at these 

lower latitudes. Although we did not measure these POM to DIN fluxes the physical 

arrangement of high chlorophyll a just above the low DO, high DIN layer makes it 

feasible that local phytoplankton represent the source of POM undergoing 



          Appendices 

 188 

decomposition and remineralisation. Alternatively the POM or DIN may have 

accumulated in this layer over time and have being funnelled into the base of the LC. At 

23°S the LC flows south at 0.6 m s-1 but the shallowest LDOHN layer was just 

underneath the core of the LC between 50 and 100 m and was moving at one third the 

velocity (E. Weller, pers. comm.). The California Current (Ward et al. 1989) also has 

layers of LDOHN but the geographic extent and the high concentrations of nitrate 

within this relatively shallow N recycling layer observed off Western Australia appear 

unprecedented. That the thin LDOHN layer was broadly present underneath the LC off 

NW Australia and then southward under the LC provides a novel explanation for the 

shelf scale phytoplankton bloom and the other ecological impacts of the variation in LC 

strength. 

Thin layers of nitrite have been reported near the base of the chlorophyll a 

maxima with some controversy regarding whether it is due to excretion by 

phytoplankton or the slow conversion of nitrite to nitrate (Lomas and Lipschutz 2006). 

The relatively low concentrations of NH4 and NO2 observed off north Western Australia 

may be an artefact of relatively sparse bottle sampling which could miss a very thin 

layer; or unusually efficient nitrification. The lack of observed NO2 and NH4 plus the 

near balance between the apparent oxygen utilization and NO3 pool favours the latter, 

efficient conversion of POM into nitrate; e.g. POM → NH4 → NO2 → NO3. We suggest 

the strong vertical structure allows a highly-structured and tightly-coupled community 

of amonifiers and nitrifiers to develop under favourable conditions, with sufficient POM 

near the base of the euphotic zone but still in warm conditions. Thin layers of biota have 

been reported in a range of ecosystems including coastal shelves (Cowles & Desiderio 

1993), fjords (Holliday et al. 1998, Dekshenieks et al. 2001), and open ocean waters 

(Bjornsen & Nielsen 1991, Carpenter et al. 1995) but there is relatively little known 

about the vertical distributions of nitrifying bacteria and Archea or 
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Crenoarchaeota (Beman et al. 2008, 2010). The magnitude and speed of the proposed N 

cycling implies Crenoarchaeota for ammonification (Francis et al. 2005) and the 

reduction in DO with the paucity of NH4 or NO2 suggests the possibility of 

heterotrophic Crenoarchaeota for the nitrification step (Wuncher et al. 2008). As in 

other instances of shallow water nitrification the nitrate produced is suggested to be an 

important source of nitrogen for primary production (Wankel et al. 2007). The first 

survey of ammonium concentrations off the west Australian coast (herein) showed NH4 

concentrations were generally lower than NO3 with only a few localized exceptions.  

Warm core eddies are most often low in biomass and productivity (Biggs 1982) 

but off west Australia they are have more biomass and are more productive than 

surrounding waters (Thompson et al. 2007). Based on modelling and satellite data the 

source of nutrients for these eddies has been suggested to be from the coastal zone 

(Dietz et al. 2009). The data presented here demonstrate that in 2007 there was no 

source of coastal zone water with low DO, sufficient nitrate or suitable N:Si ratio to 

supply these eddies; nor did there appear to be any offshore source of water with these 

characteristics. Deeper waters in the region do have the right characteristics but remain 

well isolated from the surface mixed layer of the WC eddies by strong density gradients 

and there was relatively little evidence that significant ‘pumping’ occurred from below 

the seasonal thermocline (McGillicuddy and Robinson 1997). Mixing into the thin layer 

under the core of the LC seems to be the most likely source of nitrate for the eddies 

observed at 22°S and 31°S.  

South of 28°S the surface layer of the LC has become considerably denser (both 

cooler and saltier) and in some instances appears to have mixed through the deeper 

LDOHN layer. In 2007 this newly formed and deeper surface mixed layer meandered 

westward to form a high-biomass warm-core eddy containing significant DIN in the 
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surface mixed layer (herein). A similar process was observed in 2006 (Paterson et al. 

2008) and these eddies are more productive than the surrounding water masses 

(Thompson et al. 2007). As the LC pushed past 28°S it carried elevated DIN as nitrate 

and ammonium plus ~0.3 µg chl a L-1 within the euphotic zone. Elementary 

stoichometry would suggest this DIN was sufficient to double or triple the existing 

standing stock of chlorophyll a and therefore support the observed annual 

phytoplankton bloom off Perth (~32°S). At these higher latitudes the LC was sometimes 

mixed deeply enough to entrain the LDOHN layer but it could also contain this layer 

within the euphotic zone. Either scenario provides an answer why warmer winter waters 

are associated with a rise in surface nitrate concentrations from ~0.1 to 0.3 µM at 

Rottnest Island (55 m depth, 32.2°S, Thompson et al. 2009).  

The deepening of the LC below 28°S was associated with intense horizontal 

flow, high latent heat loss, high eddy kinetic energy (Feng et al. 2003) and more intense 

vertical mixing. These processes can generate considerable phytoplankton patchiness 

(Abrahams 1998). Along the LC from 22°S to 34°S the vertical mixing rates estimated 

from photoprotective pigments were largely sub mesocale. Seasoar sections showed 

much greater small scale variability than previously reported for the LC (e.g. Woo and 

Pattiaratchi 2008). The distributions of phytoplankton biomass from onshore to offshore 

showed biological responses were occurring along the edges of the current flow (e.g. 

Levy et al. 2001) suggesting mixing along isopycnal edges of the LC flow. The 

hypothesized small scale of this vertical mixing provides a possible explanation for the 

patchiness of the biological responses observed off the west coast (e.g. Hanson et al. 

2005).  

South of 28°S there was a broad rise in euphotic zone ammonium 

concentrations. The shift from nitrate to ammonium as the primary source of DIN in the 
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water column between 29°S and 32°S (excluding the WC eddy) indicates some 

considerable change in the relative importance of the major pathways of N cycling at 

these latitudes. It is suggested that an increase in vertical mixing may disrupt the tight 

coupling between the microbial communities that undertake both ammonification and 

nitrification within the LDOHN layer in this region. Further south, off the south west 

corner of Australia, there was elevated nitrate present throughout the water column.  

The source of this DIN cannot be ascribed with certainty as the water masses below 

34°S were not characterised. The surface flow was northward and it is possible the 

Capes Current was flowing inside of the LC (Gersbach et al. 1999, Hanson et al. 2005) 

or a large recirculation due to the presence of a mesoscale eddy. The temperature, 

salinity, nitrate and silicate characteristics of the water suggests the shelf was flooded 

with LC water that had been mixed to a depth of ~ 130 m before being pushed onto the 

shelf.  

In conclusion, the discovery of a thin layer of high nitrate and low DO 

(LDOHN) water underneath the core of the LC provides a novel explanation for the 

shelf scale phytoplankton bloom along the west coast of Australia. The available 

evidence suggests a shallow, warm and buoyant LC creates conditions that favour rapid 

and shallow nitrification. The ultimate source of the organic matter used in this 

remineralisation remains unresolved.  
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Appendix B. Comparison of satellite-derived surface chlorophyll 
a concentrations with in situ profiles 

To calibrate the fluorescence from the CTD profiles, the UTC time of data 

collection were converted to local time in order to separate the daytime (from 4am until 

8pm) and night-time data (8pm until 4am). The data collected during the day present a 

high variability (r2 = 0.38) whereas the night-time data have a greater correlation 

coefficient (r2 = 0.85) (Figure B. 1a). The fluorescence calibration plots reflect the 

impact of the sunlight variation between seasons. In spring, when the solar irradiance is 

at its highest, fluorescence data collected during the day are more likely to be impacted 

by quenching. Fluorescence quenching is a phenomenon by which the fluorescence 

signal decreases under high light intensity (Loftus & Seliger 1975, Owens et al. 1980).  

In autumn, the calibration plot for data collected during the day and night (Figure 

B. 1b) track each other better than the calibration plot for spring (r2 = 0.82 for night data 

and r2 = 0.79 for day data). The calibration using data collected during the day seem to 

present a slight curve which can possibly be related to a PAR and/or temperature 

dependence.  

Another way of defining the day and night data would be to use the 

photosynthetically active radiation instead of the time. Jim Greenwood (pers. comm.) 

defined the ‘night data’ as data collected when the PAR was <1 W m-2. The calibration 

equations were very similar to the one calculated as above (night-time calibration: 

Extracted chl a = 0.2*fluorescence - 0.35; day-time calibration: Extracted chl a = 

0.02*fluorescence - 0.28). 
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Figure B. 1: Fluorescence calibration for (a) November (FR200010) (day data: r2 = 

0.38, p < 0.001; night data: r2 = 0.85, p < 0.001) and (b) fluorescence calibration for 

June (SS200704) (day data: r 2 = 0.79, p < 0.001; night data: r2 = 0.82, p < 0.001). ‘Day 

data’ are data collected between 4.00 am and 19.59 pm. ‘Night data’ are collected 

between 20.00 pm and 3.59 am. 

 

The depth over which chlorophyll a is monitored by satellite is variable and 

depends most on the diffuse optical attenuation coefficient of the water. In oligotrophic 

regions for example, water-leaving radiance is generally small and mostly blue, and 

therefore the photons reaching the satellite are likely to have penetrated relatively 

deeply (~30 m). In more eutrophic waters this depth can be as shallow as 1 m. Gordon 

& McCluney (1975) defined the light penetration depth as that to which 90 % of the 

water-leaving radiance had penetrated. Before any interpretation of satellite-derived 

chlorophyll a estimates can be done, it is crucial to know the vertical structure of the 
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light and the chlorophyll a. 

To do this we have calculated the extinction coefficient using the calibrated 

fluorescence and PAR data collected during a cruise in spring and one in autumn 

(FR200010 and SS200704). The vertical profile of calibrated fluorescence show a 

relatively homogeneous distribution in autumn (water column is well-mixed). In spring, 

high irradiance and longer day lengths leads to a phytoplankton community that 

positions itself in relatively deep waters (DCM) where they receive both light and 

nutrients. The existence of DCMs has been previously reported in the waters off 

Ningaloo Reef in spring by Hanson et al. (2005b). Note that in spring the DCM is 

positioned at ~70 m and the euphotic depth is at ~110-140 m deep (using the lowest and 

greatest attenuation coefficient for the corresponding season). 

By comparing the integrated chlorophyll a concentrations over the euphotic depth 

from field data collected in November 2000 and June 2007 and the ocean colour-

derived chlorophyll a estimate from SeaWiFS, we can see that a significant correlation 

(p < 0.05, see Table B1) is observed during both seasons (Figure B. 2). This shows that 

although a DCM is present in spring in the Ningaloo region, it does not seem to affect 

the chlorophyll a estimates from SeaWiFS. 
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Figure B. 2: Correlation between in situ fluorometrically measured chlorophyll a 

(integrated chlorophyll a down to the euphotic depth (defined as 0.1 % of I0)) against 

coincident SeaWiFS chlorophyll a. Data collected in (a) November 2000 (for k=-0.66: n 

= 34, r2 = 0.43, p < 0.001; for k = -0.05: n = 34, r2 = 0.48, p < 0.001) and (b) May 2007 

(n = 15, r2 = 0.77, p < 0.001; k = -0.056, r2 = 0.64, p < 0.001). The continuous line is a 

1:1 line. Dotted line is the linear best fit for each extinction coefficients. 

Table B1: Extinction coefficient, regression equation and p-value for the linear 

regression between chlorophyll a estimate from SeaWiFS and the integrated chlorophyll 

a down to the euphotic depth from field data collected in spring (November 2000; n = 

34) and autumn (May 2007; n = 15). For each season, the linear regression was done 

using the highest and lowest extinction coefficient observed during the corresponding 

cruise. 

Season Extinction 
coefficient (m-1) Equation p r2 

Spring 
-0.066 Chlin situ = 0.39Chlsat + 0.27 3 x 10-5 0.43 

-0.05 Chlin situ = 0.31 Chlsat + 0.28 7 x 10-6 0.48 

Autumn 
-0.084 Chlin situ = 0.61 Chlsat + 0.052 4 x 10-4 0.77 

-0.065 Chlin situ = 0.62 Chlsat + 0.029 3 x 10-3 0.64 
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Appendix C: Interannual variability in mixed layer depth and 
chlorophyll a concentrations  

Annual average of MLD was not significantly correlated with SOI (p = 0.08, r2 = 

0.33, 9 df; note p-value on margin of significance). However, the most negative SOI 

(year 2002) was also the one with the shallowest MLD (annual average) and chlorophyll 

a concentrations (Figure C. 1). Except for year 2001, all the other years when a positive 

SOI was observed had MLD ≥ 62 m (deepest annual MLD observed was 64 m). 

Although no statistically significant relationship was found between MLD and SOI, 

there was a trend for deeper MLD when the annual SOI was positive. This supports the 

hypothesis that during La Niña years, when the LC transport is greater, the MLDs 

would be deeper. No significant relationship was observed between chlorophyll a 

concentrations and SOI (p = 0.8, r2 = 0.008, 9 df). Off south west WA, Thompson et al. 

(2009) have observed a positive correlation between annual chlorophyll a concentration 

and the mean SOI. Considering the limited amount of data available we cannot prove 

statistically whether El Niño and La Niña events have a definite impact on the MLD and 

chlorophyll a concentration but this is the first indication that a relationship may exist 

and further confirms the observations made in Chapter 3. 
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Figure C. 1: Annual chlorophyll a concentration (µg chl a L-1) versus annual MLD (m) 

for year between 1998 and 2007. Chlorophyll a concentrations are derived from ocean-

colour and MLD from Bluelink. The numbers in red are the annual SOI average. 
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Appendix D: Primary production measurements in November 

2008. 

On November 11 2008, the 14C technique (e.g. Parsons et al. 1984) was used to 

estimate size-fractionated primary production at 5 stations along the transect (A, B, D, F 

& G, see Figure 4-2). Primary production was also measured for an additional station 

(R) approximately 50 m shoreward of the reef crest on the reef flat (Figure 4-2b). Mixed 

surface water samples were gently poured into duplicate 140 mL polycarbonate bottles 

and 20 µCi of NaH14CO3 was added to each bottle. Incubations were terminated after 

~24 hours by filtering onto a 25 mm diameter Nitex (mesh size = 5 µm) and a Whatman 

GF/F filter. Samples were acidified to remove any non-incorporated 14C. Samples were 

analysed on a LKB RackBeta™ scintillation counter and each sample was counted for 2 

minutes. Dissolved inorganic carbon was estimated from salinity (Parsons et al. 1984) 

and ranged between 26,200 and 26,400 mg C m-3
. The activity measured on the filters 

corresponds to the synthesis of particulate organic carbon by organisms in the small size 

(<5 µm, Ps) and large size (>5 µm, PL) fractions. Total particulate carbon uptake (Pt) 

was obtained by adding the uptake of the two size fractions, i.e., Pt = PL + Ps 

A significant (r2 = 0.90, p = 0.01, 4 df) cross-shelf gradient was observed with 

primary production ~100 times greater closest to the reef (2.8 µg C µg chl a h-1 at 

station A) compared to offshore (0.03 µg C µg chl a h-1 at station G) (Figure D. 1). 

Close to the reef, primary production was greater for the small fraction (1.7 µg C µg chl 

a h-1) than for the large fraction (1.0 µg C µg chl a h-1). Inshore of the reef, the total 

primary production dropped to ~0.1 µg C µg chl a h-1 (Figure D. 1a), with similar rates 

occurring in both the small and large phytoplankton fraction. Because these data are 

sampled on one single day and during spring only, we cannot conclude anything about 

the seasonal variation in primary production in the waters off Ningaloo Reef. However 
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we have unveiled the existence of a strong cross-shelf gradient in primary production in 

spring in the waters off Ningaloo Reef. We suggest that future studies focus on this 

gradient and aim to provide primary production measurements for both the spring and 

autumn season. 
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Figure D. 1: Primary production in surface waters measured using the 14C on 

November 11 for the large-sized phytoplankton (>5 µm, PPL) and small-sized 

phytoplankton (<5 µm, PPS). 
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